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Chapter 1 | General introduction

INTRODUCTION

1

The purpose of this thesis is to describe the treatment trajectory after osseointegration
implant surgery and examine the potential health benefits of a bone-anchored prosthesis
in previous socket-suspended prosthesis users with a lower extremity amputation. This
introduction outlines the epidemiology of lower extremity amputation and the origin of boneanchored prostheses including the prevalence and the (contra-)indication. Furthermore, it
describes the lack of evidence regarding the functional outcomes of osseointegration implant
surgery and following rehabilitation, and the absence of consensus about outcome measures
used to evaluate the treatment. The International Classification of Functioning, Disability and
Health (ICF) framework is used to categorise the outcome measures described in this thesis.
Thereafter, it specifies the gap of knowledge in a) body functions and structures, b) activities,
c) participation, d) quality of life, e) patient satisfaction, and outlines the outcomes that are
potentially positively influenced by bone-anchored prosthetic use. Finally, it introduces the
aims of the various chapters of this thesis.

EPIDEMIOLOGY
A recent global overview of the epidemiology of lower extremity amputation specified per
etiology is missing in the literature. In 2003, Ephraim et al.1 reported that the incidence of
dysvascular amputations ranged from 1.0 to 32.0 per 100,000 persons2,3, trauma-related
amputations ranged from 1.4 to 3.0 per 100,000 persons4,5 and tumour-related amputations
was 0.8 per 100,000 persons.6 More recent systematic reviews7,8 related to this topic focused
on specific subpopulations such as the diabetic population and therefore it remains unclear
what the current world wide incidence is of lower extremity amputation specified per
etiology. Both globally1,7,9 and within countries1,10, there is a large variability in amputation
incidence. Possible causes for this variability are: generic differences in local healthcare
delivery10, ethnicity1,7,10, social deprivation7, the presence of diabetes1,7,8, and socio-political
circumstances.11,12 Although an up-to-date overview per etiology is missing it is clear that
lower extremity amputation due to a vascular disease is the most common cause for limb
loss in developed countries, ranging from 51% to 93%.9 It is likely that the incidence of
dysvascular amputations will increase in the future due to the increase in the prevalence of
obesity and diabetes.13 The incidence of non-vascular lower extremity amputations is low, but
the prevalence is high because this kind of amputation most frequently occurs in adolescents
and adults below the age of 45 years.13 In the United States, for example, the incidence of
trauma-related amputations is 16%, while trauma accounts for 45% of the prevalent cases
with an extremity amputation.13
Rates of prosthetic fitting after a lower extremity amputation vary from 48% to 95%.14-22
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A successful prosthetic fitting seems more common in persons with a trauma-related
amputation18 and persons who received post-acute care in a rehabilitation centre.14,21 Between
34% and 63% of the prosthetic users have chronic skin problems and pain associated with
the socket.23-28 These problems often have a severe impact on quality of life (QoL) related
to problems at body function or structures (e.g. limited prosthesis use) and activity level
(mobility restrictions) with as consequence limitations in participation.15,23,25,29,30

1

BONE-ANCHORED PROSTHESES
Bone-anchored prostheses using a transcutaneous osseointegration implant might be a
solution for socket-suspended prostheses users suffering from socket-related problems.31-33
The term ‘osseointegration’ was introduced by the Swedish Professor P.I. Brånemark and
has its origin in the Latin words ‘os’ meaning ‘bone’ and the word ‘integrate’ which can be
interpreted as ‘unify’ or ‘interactive coexistence’.34 During a blood flow experiment with
rabbits in 1952, Professor P.I. Brånemark discovered by accident that bone integrated in
titanium implant chambers and that this resulted in a strong anchorage.35,36 This coincidental
finding set the basis for development of a screw-shaped titanium implant to attach a dental
prosthesis to the jawbone in 1965.36,37 In 1977, an osseointegation implant was first applied
to attach a bone-anchored hearing device.35,36 Dr. R. Brånemark, the son of Professor P.I.
Brånemark, developed a osseointegration implant for intramedullary use and started in 1990
to use titanium osseointegation implants for the attachment of bone-anchored prostheses in
persons with an extremity amputation (Sweden, Gothenburg).36,37 The screw-shaped titanium
implant (OPRA: Ossseointegrated Prostheses for the Rehabilitation of Amputees) is implanted
in a two-stage surgery followed by a standardised rehabilitation programme of 6 months.37,38
In the first surgery the screw-shaped titanium implant is inserted in the residual bone and left
unloaded for six months so that bone ingrowth can occur. In the second surgery the muscle
endings are sutured to the periosteum 5–10mm proximal to the bone. The distal skin flap
is trimmed of subcutaneous fat and attached to the end of the bone. Then, a penetration
through the skin is made and a titanium abutment is attached to the distal end of the implant
(Figure 1).37 The total treatment period is approximately 12 months.37 Recently, attempts
have been made to speed up the surgical protocol by opting for an interlude of 6 weeks
between the surgeries, but results have not yet been published.39
In 1999, a press-fit cobalt-chromium-molybdenum osseointegration implant was
introduced by Dr. H. Aschoff and Dr. H Grundei in Germany (Lübeck).40,41 This implant (EEFP:
Endo-Exo Femoral Prosthesis, currently known as ILP: Integrated Leg Prosthesis)42 is also
implanted in two surgeries, however the time between two surgeries is only six weeks. In
the first surgery a cementless stem is press-fit inserted into the intramedullary canal. A
reduction of the soft tissue is performed and the dorsal and ventral muscle groups of the
thigh are connected to the distal femoral cortex with sutures to construct a myodesis. In the
14
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second surgery a soft tissue stoma is created by cutting a circular skin incision after which a
transcutaneous adapter (dual-cone) is attached into the intramedullary stem (Figure 2).41,43
The design of the ILP implant changed a couple of times over the years in an attempt to
solve the high rate of soft tissue infections (Figure 3).42,44 The model designed in 2009 (type
C) received an update (type D) in 2015 after a change in manufacturer. The ILP type D is
currently still used in Germany.45 The ILP type C implant was introduced in the Netherlands

Figure 1. OPRA osseointegration implant
A: X-ray of the OPRA implant system; B:
Schematic image of the OPRA implant system,
1) bone, 2) skin, 3) intramedullary fixture, 2)
abutment, 3) abutment screw. C: Abutment
penetrating through the distal skin flap; D:
Exploded view of the OPRA implant system,
1) intramedullary fixture, 2) abutment, 3)
abutment screw. Image A is printed with
courtesy of Leiden University Medical Centre,
the Netherlands. Source image B and D:
Integrum AB, Götenborg, Sweden. Image
C is printed with permission of Sahlgrenska
University Hospital Gothenburg, Sweden.

1

Figure 2. ILP osseointegration implant
A: X-ray of a bone-anchored prostheses
using the ILP osseointegration implant; B:
Schematic image of the ILP implant system,
1) intramedullary stem, 2) soft tissue stoma,
3) Morse taper, 4) dual-cone adapter, 5) male
part of the knee connecting adapter; C: X-ray
of the ILP implant system. Images are printed
with courtesy of Dr. H. Aschoff.
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1

Figure 3. Design change of the ILP osseointegration implant
A: ILP type 1. Both the intramedullary region and the subdermal region was covered with
rough “spongiosa metal” to enhance osseointegration and ingrowth. The bone-stabilising
bracket aimed to improve the fatigue properties of the implant; B: ILP type 2 with a bracket
(although smaller than that of type 1), the rough metal on the subdermal region was removed;
C: ILP type 2 without a bracket; D: ILP type 3. Revised connection intramedullary stem, dualcone adapter, and knee connecting adapter; E) ILP type 4. The currently used model; F:
Exploded view of ILP type 3. 1) final propeller screw, 2) distal part of the male part of the knee
connecting adapter, 3) screw to fixate the dual-cone in the intramedullary stem, 4) proximal
part of the male part of the knee connecting adapter, 5) dual-cone adapter including antirotation safety pin (‘weak-point’), 6) intramedullary stem, 7) provisional screw. Images are
printed with courtesy of Dr. H. Aschoff.
(Nijmegen) in 200930 and in Australia (Sydney) in 2010.46 In 2013 a press-fit implant of titanium
alloy (OPL: Osseointegrated Prosthetic Limb) was introduced in Australia47 and since 2015 the
OPL implant is also used in the Netherlands (Figure 4).48 The preference for the OPL implant
over the ILP implant was due to breakage of some of the intramedullary ILP stems.48 The
OPL implant was hypothesised to have a lower failure rate than the ILP because it is made of
forged titanium instead of moulded cobalt-chromium-molybdenum.48 Several studies30,40,41,49
reported that the press-fit implant, both the ILP and OPL, could be loaded within 2 weeks
after the second surgery. The briefly described rehabilitation programmes for persons with
a press-fit osseointegration implant ranged from 4 to 14 weeks.30,43,49 This implies a total
treatment period of 12 to 22 weeks for a press-fit implant, which is much shorter that the
described treatment time for the screw implant. Recently, a study protocol for single-stage
surgery of the OPL implant was published which hypothetically will decrease the treatment
time even further to 3 to 6 weeks as suggested by the authors.50

16
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1

Figure 4. OPL osseointegration implant
A: Assembled OPL implant system; B: X-ray of the Intramedullary stem immediately postoperatively; C: X-ray of the osseointegrated implant at the 2-year follow-up; D: Bi-lateral
transfemoral bone-anchored prosthesis user; E: Soft-tissue stoma; F) Exploded view of the OPL
implant system. 1) intramedullary stem, 2) dual-cone adapter including anti-rotation safety
pin (‘weak-point’), 3) screw to fixate the dual-cone in the intramedullary stem, 4) male part of
the knee connecting adapter, 5) final screw. Source Images A and F: Pro-Motion Medical B.V.,
Zwijndrecht, the Netherlands.
The exact prevalence of persons with a bone-anchored prosthesis using a transcutaneous
osseointegration implant is unknown. A global registry for osseointegration implantation
is lacking and not all centres performing osseointegration implant surgery are publishing
their results.38,51 There are four prominent centres in the world who perform the majority
of the osseointegration implant surgeries: 1) Sweden (Gothenburg), 2) Germany (Lübeck),
3) the Netherlands (Nijmegen) and 4) Australia (Sydney). A rough estimate based on various
conferences (e.g. ISPO World May 2017 and OT World May 2018) shows that approximately
1000 persons with a lower extremity amputation received an osseointegration implant
of which 25% a screw-type and 75% a press-fit type. Bone-anchored prostheses are
predominately prescribed for persons with a transfemoral amputation.32 OPRA, ILP and OPL
are currently the only commercially available osseointegration implants for attachment of
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a bone-anchored prosthesis, but a number of other systems are currently developed.51 A
percutaneous version of the COMPRESS system is the only implant with published results of
use in a cohort of human subjects (n= 11).52 The COMPRESS system is neither a screw nor
a press-fit osseointegration implant but is fixated in the intramedullary canal by transverse
pins.51,52 Another development is the use of patient-specific press-fit implants for persons
with a short femoral remnant or persons with a transtibial amputation (Figure 5).48,53,54

1

Figure 5. Patient-specific press-fit implants
Left: transfemoral amputation; Right: transtibial amputation
A: Pre-operative situation; B: design of a 3D printed titanium implant; C: Post-operative
situation

ELIGIBILITY CRITERIA FOR OSSEOINTEGRATION
IMPLANT SURGERY
Up to 2014, persons with a primary amputation due to a vascular disease with or
without diabetes were excluded for osseointegration implant surgery, regardless the
type of osseointegration implant.30,37,49,55 This policy was based on the assumption that
osseointegration implant surgery was associated with a risk of osteitis or osteomyelitis.48
Other universal exclusion criteria were: treatment with specific drugs (e.g. chemotherapy,
immunosuppression), a growing/immature skeleton, previous radiotherapy to the affected
residual limb, pregnancy, non-compliant behaviour and the presence of disabling cognitive
or psychiatric disorders. A recent safety evaluation among a cohort of non-vascular patients
revealed that severe infections resulting in septic implant loosening were rare. Since 2014,
persons with a primary amputation due to a vascular disease with or without diabetes are
eligible for osseointegration implant surgery in the Netherlands if the vascular status of the
residual limb is sufficient.48 A small case-series of persons with a transtibial amputation due
to a vascular disease revealed no osteitis, osteomyelitis or implant failure within the first
year after implantation of a press-fit osseointegration implant.56 Future research is needed to
show whether an osseointegration implant is a feasible alternative for the socket-suspended
prosthesis in persons with a lower extremity amputation due to a vascular disease.

18
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OUTCOMES

1

Given that bone-anchored prostheses are around for almost 30 years, it is quite remarkable
that the number of (longitudinal) studies evaluating functional outcome is limited.31-33 Persons
who opt for a bone-anchored-prosthesis face an intensive trajectory including surgery and
rehabilitation, and are at risk for a number of adverse events including infection, (a)septic
loosening of the implant and breakage of the implant. To be able to make a well-informed
choice as a patient, but also as a health-care professional or a (health insurance) policy maker,
an overview of the potential functional benefits of bone-anchored prostheses compared
to socket-suspended prostheses is essential. To date, the direct costs of bone-anchored
prosthesis (including the surgical treatment and treatment of adverse events) are higher
compared to socket-suspended prosthesis.57-60 In order to compensate for these higher direct
costs, better functional outcomes are a prerequisite.
Functional outcome is a broad term and includes various constructs including quality of
life which is important for cost-effectiveness analysis because it enables the calculation of
quality adjusted life-years (QALYs).57,60 Constructs that are described by multiple research
groups engaged in bone-anchored prostheses are e.g. prosthesis wearing time30,61, mobility
level30,49,61, walking ability30,49 and quality of life.30,49,61 Despite some overlap in outcome
measures a core-set of outcome measures is lacking within the literature that evaluates
bone-anchored prosthesis use compared to socket-suspended prosthesis use. Also within
the general field of lower extremity prosthetics there is a lack of consensus about a core-set
of outcome measures62, even though attempts have been made to reach a consensus.63
The ICF framework of the World Health Organisation (WHO) can be used to ensure that
all important domains are covered within a core-set of outcome measures.64 This framework
provides a universal classification of human functioning and disability, and as such,
provides a common language for describing health and health-related status,64,65 facilitating
multidisciplinary responsibility, coordination and evaluation of rehabilitation interventions.65,66
The ICF framework consists of two parts (Figure 6).64,67 Part 1 covers function and disability,
and includes the categories: a) body functions and structures, b) activities and c) participation.
Part 2 covers the contextual factors and includes the categories: a) environmental factors,
and b) personal factors. Ideally the various constructs are measured by patient-reported
measures, performance tests and monitoring in daily life because they measure different
aspects of the construct and may vary in responsiveness.68,69
For this thesis we decided to present quality of life and satisfaction level as separate
constructs parallel to categories of part 1 of the ICF framework which was used to categorise
the other outcome measures presented in this thesis.
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Figure 6. The International Classification of Functioning, Disability and Health (ICF) framework of
the World Health Organisation (WHO)

GAP OF KNOWLEDGE
Outcome measures that measure common problems of socket-suspended prosthesis users
are important in the evaluation of the added value of bone-anchored prostheses. It is well
known that the symmetry in spatio-temporal, kinematic and kinetic parameters during gait
is reduced in socket-suspended prosthesis users compared to able-bodied persons.70-73 A
poor socket fit is associated with gait asymmetry, both in persons with a transtibial74-76 and a
transfemoral amputation.73 In the latter group an abduction position of the femoral remnant,
instead of a normal anatomical adduction position, is common despite optimised socket
designs and alignment.77 An abduction position of the femoral remnant results in an active
insufficiency of the abductor muscles.78 In addition to socket fitting problems, decreased
hip abductor strength73,79,80 and changed muscle activity patterns81 may be a possible cause
for gait asymmetry. Hip abductor muscle strength is lower in the residual limb in persons
with a transfemoral amputation compared to the sound side and to healthy subjects.78,82,83
Muscle strength weakness of the thigh is associated with the presence of muscle atrophy.84,85
Muscle atrophy is present in the residual limb, and can be as high as 73%, despite the almost
continuous activation of the hip muscles during gait, which presumably is needed to stabilise
the residual limb in the socket and to stabilise the pelvis.81,86-88 Gait asymmetry, specifically in
the coronal89-91 and sagittal plane90, are considered to be associated with back pain, a common

20
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secondary disability in socket-suspended prosthesis users.92 The prevalence of back pain is
high (52-84%) in patients with a lower extremity amputation using a socket prosthesis.93-96
Both, socket-related problems and back pain can lead to limited prosthetic use23,93, activity
level23,93, participation level23,93, and reduced health-related quality of life (HRQoL).23,25
It might be hypothesised that a bone-anchored prosthesis may decrease several of the
above described problems of socket-suspended prosthesis users. First, it will solve the
chronic skin problems related to the use of a socket and the fitting problems caused by
volume changes of the residual limb, but it is unknown what the prevalence and intensity of
stump pain is of bone-anchored prosthesis users. Reactivation of the residual limb muscles,
the presence of a soft tissue stoma and re-use of the hip joint for weight bearing can cause
stump pain in bone-anchored prosthesis users.32,38,97 The level of satisfaction experienced
by the patient with respect to their prosthesis will be influenced by these aspects. Research
on the level of satisfaction is scarce.98 Second, recovery of hip abductor strength may be
hypothesised because bone-anchored prosthesis users present more physiological muscle
activity in the residual limb, and better hip and pelvic kinematics than socket-suspended
prosthesis users.99,100 Third, the potential recovery of hip abductor strength, the direct
attachment of the prosthetic parts to the bone and the presence of osseoperception may
increase gait symmetry and thereby decrease secondary complaints such as back pain.
Osseoperception is the phenomenon that persons with a bone-anchored prosthesis have a
better ability to detect vibrotactile and pressure stimuli of the prosthetic limb compared to
socket-suspended prosthesis users.36,101,102 Lastly, by eliminating socket-related problems, the
prosthetic comfort will hopefully increase. This, together with the potentially increase in hip
abductor strength and decrease in back pain, may lead to an improvement of the prosthesis
wearing time, activity level, participation level and quality of life of persons with a lower
extremity amputation.

1

OUTLINE OF THESIS
The general aim of this thesis is to describe the treatment trajectory after osseointegration
implant surgery and examine the potential health benefits of a bone-anchored prosthesis in
previous socket-suspended prosthesis users with a lower extremity amputation. With this
thesis we have the intention to optimise the treatment trajectories of persons who opt for a
bone-anchored prosthesis and make it applicable for daily practice.
In chapter 2 of this thesis we present a systematic review in which we aimed to : 1) give an
overview of the instruments used to evaluate outcomes in terms of quality of life, function,
activity and participation level in studies comparing bone-anchored prostheses and socketsuspended prostheses for patients with a lower extremity amputation, and 2) provide a
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systematic review of the literature comparing outcomes measured in terms of quality of life,
function, activity and participation level for patients with a lower extremity amputation using
bone-anchored prostheses relative to socket-suspended prostheses.

1

In chapter 3 we describe the treatment trajectory of a person with a transfemoral boneanchored prosthesis. This case report was used to detail the rehabilitation programme for
persons with a transfemoral press-fit osseointegration implant. The rehabilitation programme
focused on improving hip abductor strength, core stability, symmetry of gait pattern and level
of activity.
In chapter 4 we report a feasibility study in which we evaluated the eligibility of a magnetic
resonance imaging (MRI) based three-dimensional muscle reconstruction technique to
evaluate hip abductor muscle volume in a person after receiving a transfemoral press-fit
cobalt-chrome-molybdenum osseointegration implant. This single-case study was performed
in the same person as described in chapter 3.
In chapter 5 we present the study protocol of a 5-year follow-up study in order to collect
long-term outcomes following lower extremity press-fit bone-anchored prosthesis. Through
publishing this study protocol we aim to: a) increase the transparency of our data collection,
b) prevent publication bias and selective reporting, c) prevent data dredging. The study has
four aims: 1) to describe the change in the level of function, activity, HRQoL and satisfaction
in patients with a lower extremity amputation after receiving a press-fit osseointegration
implant at short-term (six-months and one-year), mid-term (two-years) and long-term
(five-years) follow-up in comparison to baseline. 2) to examine potential predictors for the
change of coronal plane kinematics, prosthetic use, walking ability, HRQoL and prosthesis
comfort over time: outcomes that are the main reason why patients opt for a bone-anchored
prosthesis. 3) to examine predictors for the level of stump pain at short-term, mid-term and
long-term follow-up. 4) to examine potential mechanisms for changes in back pain at shortterm, mid-term and long-term follow-up.
In chapter 6 we describe the development of a suitable handheld dynamometer technique to
test hip abduction strength in individuals with a lower extremity amputation, irrespective of
their amputation level. This study involved three phases, in which the clinimetric properties
of two techniques were evaluated. The reproducibility of both techniques was tested while
the validity was only tested of the most optimised handheld dynamometer technique.
In chapter 7 we present the reproducibility and discriminant validity of two newly developed
measurement methods to obtain coronal plane gait kinematics in participants with a lower
extremity amputation in daily clinical practice.
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1

In chapter 8 we report the first preliminary results of our follow-up study as presented in
chapter 5. The primary aim was to describe the change in the level of function, activity,
HRQoL and satisfaction in persons with a lower extremity amputation after implantation of a
press-fit osseointegration implant at six- and twelve-month follow-up in comparison to their
pre-operative status. Additionally, we aimed to provide insight in the outcomes stratified
by amputation level (i.e., transfemoral and transtibial) and in the influence of wheelchairboundedness prior to osseointegration surgery on the course of the outcomes. The secondary
aim of this study was to describe the number and severity of adverse events during the study
period.
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ABSTRACT
Purpose

2

This study aimed to provide an overview of (a) the used measurement instruments in studies
evaluating effects on quality of life (QoL), function, activity and participation level in patients
with a lower extremity amputation using bone-anchored prostheses compared to socket
prostheses and (b) the effects themselves.

Method
A systematic literature search was conducted in MEDLINE, Cochrane, Embase, CINAHL, and
Web of Science. Included studies compared QoL, function, activity and/or participation
level in patients with bone-anchored or socket prostheses. A best-evidence synthesis was
performed.

Results
Out of 226 studies, five cohort and two cross-sectional studies were eligible for inclusion,
all with methodological shortcomings. These studies used ten different measurement
instruments and two separate questions to assess outcome. Bone-anchored prostheses were
associated with better condition-specific QoL and better outcomes on several of the physical
QoL subscales, outcomes on the physical bodily pain subscale were inconclusive. Outcomes
on function and activity level increased, no change was found at participation level. The level
of evidence was limited.

Conclusions
There is a need for a standard set of instruments. There was limited evidence that boneanchored prostheses resulted in higher QoL, function, and activity levels than socket
prostheses, in patients with socket-related problems.
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INTRODUCTION
In 2005 one in 190 people in the United States were living with limb loss.1 The incidence
of lower extremity amputation in the Netherlands is 18-20 per 100,000; 90-94% of the
amputation are due to vascular disease, 3% to trauma and 3% to tumour resection.2 The
incidence of non-vascular lower extremity amputations is low, but the prevalence is high
because this kind of amputation is most frequently in adolescents and adults below the age
of 45 years.1 There is a lack of recent data on incidence and prevalence of lower extremity
amputation.
Approximately 86% of patients with a lower extremity amputation are fitted with a socket
prosthesis3, 34-63% of these patients have chronic skin problems and pain associated with
the socket.4-9 These problems often have a severe impact on quality of life (QoL) related
to problems at body function or structures (e.g., limited prosthesis use) and activity level
(mobility restrictions) with as consequence limitations in participation.4,6,10-12
One approach to treat socket-related problems is to attach the prosthesis to the skeleton
transcutaneously by osseointegration using an intramedullary implant.13 Bone-anchored
prostheses are an option when the cause of amputation was trauma or cancer and the patient
is experiencing socket-related problems. Because of the risk of infection bone-anchored
prostheses are not currently recommended for patients whose amputation had a vascular
cause.12-15 In the future, however, bone-anchored prostheses might also be an option for
patients with stable vascular disease16 and for patients without socket-related problems who
wish to increase their prosthesis use.12 At present, there are two implants for bone-anchored
prosthesis which are used in humans17: the Osseointegrated Prosthesis for the Rehabilitation
of Amputees (OPRA)18 and Endo-Exo Femoral Prosthesis (EEFP).12,19 Both are intramedullary
implants, but OPRA is a titanium screw13 while EEFP is a cobalt-chrome press-fit fixation.19
The two-step surgery technique used with both implants has been well described. When
OPRA.15,18,20,21 is used the two operations are separated by a minimum of six months, with
EEFP12,14,19,22,23 the inter-surgery interval is six to eight weeks. Rehabilitation of OPRA has been
described extensively15,21, of EEFP rehabilitation there is a less detailed description.12,19 An
important difference in rehabilitation protocols is that with EEFP the load on the prosthesis
can be increased more rapidly so the rehabilitation programme can be shorter.
Since the introduction of bone-anchored prostheses for patients with a lower extremity
amputation using osseointegration in 199013, a number of studies have investigated incidence
of infection and survival of the implants.14,19,21,23-25 These studies showed frequent problems
around the skin-penetrating stoma region, but a low (1.8-10.4%) frequency of disability or
implant removal as result of infections or other problems such as peri-prosthetic fractures.
The majority of treatment failures occurred in the early years of bone-anchored prosthesis
surgery.21
Recent research has shown that the mean annual costs associated with socket prostheses

2

35

and bone-anchored prostheses are comparable.26 Although bone-anchored prosthesis users
were provided with more advanced costly prosthetic components, they made significantly
fewer visits to the prosthesist than socket prosthesis users, resulting in lower post-surgery
costs.26 One qualitative, phenomenological study has been performed. All the participants
described living with bone-anchored prosthesis as a positive, revolutionary change that went
beyond the functional improvements, integrating the existential implications in the concept
of QoL.27 Osseoperception, the ability to perceive pressure, load, position and balance28, is
one of the benefits attributed to bone-anchored prostheses.13,28,29 In socket prosthesis users,
low hip abductor strength is correlated with asymmetrical gait30,31, which may explain back
pain and pain in other regions such as the residual limb, sound side, buttocks, hips and neck or
shoulder.32 Two studies33,34 compared muscle function of the residual limb in bone-anchored
prosthesis users with muscle function in healthy subjects. These studies showed that muscle
activity patterns retained aspects of activity patterns found in healthy subjects during gait34;
however, bone-anchored prosthesis users were unable to maintain a maximum voluntary
contraction of constant amplitude.33 There has been no research comparing muscle function
in users of bone-anchored prostheses and socket prostheses. A critical issue for clinicians
and funding bodies is the extent to which bone-anchored prostheses improve outcomes
with respect to QoL, body function or structures (hereafter referred as function), activity and
participation level relative to socket prostheses.35-37 It is important for patients considering
bone-anchored prosthesis surgery to have access to this information, so that they are able to
make an informed choice. At present there is no systematic analysis of instruments used to
evaluate functional outcomes after bone-anchored prostheses surgery and only one review38
concerning the effects of bone-anchored prostheses compared to socket prostheses. Insight
in measurement instruments is important to allow professionals to evaluate bone-anchored
prosthesis surgery and the effectiveness of rehabilitation programmes.
The two aims of this study were to (a) give an overview of the instruments used to evaluate
outcomes in terms of QoL, function, activity and participation level in studies comparing boneanchored prostheses and socket prostheses for patients with a lower extremity amputation
and (b) provide a systematic review of the literature comparing outcomes measured in
terms of QoL, function, activity and participation level for patients with a lower extremity
amputation using bone-anchored prosthesis relative to socket prosthesis.

2

METHODS
Design
This systematic review of published, peer-reviewed articles with original data followed the
guidelines of the PRISMA statement.39
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Information sources
We searched the following electronic databases (last search 16 April 2016): MEDLINE
(accessed via PubMed), Cochrane Central Register of Controlled Trials, Embase (accessed via
EBSCO), CINAHL and Web of Science.

2

Search strategy
A search strategy based on the PICO strategy was developed by the first author (RL) with the
support of a medical librarian. In order to obtain a broad range of records, the comparison
and outcome elements were not included in the search string but were used at the article
selection stage. There were no language or publication date criteria within the search. The
following MeSH terms and keywords were used: osseointegration [MeSH], osseointegrat*,
osseo-integrat*, bone-anchored prosthe*, amputation [MeSH], amputees [MeSH] and
amputation traumatic [MeSH], amputations stumps [MeSH] and amput*. The complete
search strategy can be found in Appendix 1.

Inclusion criteria
We (RL and GvH) systematically screened studies and considered them eligible for inclusion
if they: (a) were conducted in humans with a lower extremity bone-anchored prosthesis; (b)
studies with original data comparing bone-anchored prostheses with socket prostheses; (c)
evaluated outcomes in terms of QoL, function, activity or participation level (instruments
were classified in line with the review by Samuelsson et al.40); (d) the studies were published
in English, Dutch or German. Articles were excluded if they were: (a) not quantitative studies;
(b) a conference abstract, letter to the editor, textbook, article for educational purposes, case
report or case series; (c) presented only implant survival or infection data. The same criteria
were used to include individual studies embedded in systematic reviews, if not already
detected by the search string.

Study selection
Two authors (RL and GvH) independently reviewed the retrieved studies to determine
eligibility. Initially studies were screened on the basis of, title and abstract; full texts were
obtained for studies considered potentially eligible. Disagreements between the reviewers
were solved by discussion. We also tracked the references of all included articles (Figure 1).
Reasons for exclusion based on assessment of the title and abstract or full text were noted.
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Figure 1. Flow scheme for included studies

Data extraction
The first reviewer (RL) extracted data using a standard extraction form; the results were
checked by GvH. Data extracted from the included articles were: (a) authors, publication
year, and study location; (b) study design; (c) participants; (d) intervention; (e) measurement
instruments; (f) results.

Methodological quality
Two reviewers (RL and GvH) independently assessed the methodological quality of the
included articles; they were not blinded with respect to either authorship or journal. The
methodological quality (risk of bias) was scored using the Effective Public Health Practice
Project (EPHPP) Quality Assessment Tool for Quantitative Studies.41,42 This critical appraisal
tool was chosen because we expected to encounter different types of non-randomised
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studies. The EPHPP tool assesses six aspects of methodology: (a) likelihood that the study
participants are representative of the target population; (b) study design; (c) control of
confounding variables; (d) blinding of participants and investigators; (e) validity and reliability
of the data collection tools; and (f) proportion of withdrawals and drop-outs. This tool
was separately applied to all studies; studies were rated “strong”, “moderate” or “weak”
with respect to each aspect of methodology using standard criteria set out in the EPHPP
dictionary.41,42 Overall ratings of quality rating (global ratings) were derived from the domain
ratings as follows. Studies were classed as having “strong” methodology when none of the
aspects was rated weak, “moderate” when there was one weak aspect and “weak” if there
were two or more aspects of methodology rated weak.42,43 The ratings of the data collection
tools was based on the EPHPP dictionary42, but if a gold standard tool (e.g. gait laboratory) was
used this aspect of methodology was also rated as strong. The EPHPP tool has been shown
to be a reliable and valid tool for critical appraising study methodology.43,44 Disagreements
between the two raters were resolved by discussion, cases of persistent disagreement were
referred to a third rater (JBS). Inter-rater agreement on the EPHPP tool domain ratings was
measured with linear, weighted Cohen’s κ coefficient45 as proposed by Byrt.46 Values were
classified as follows: 0.41-0.60: fair agreement; 0.61-0.80: good agreement; 0.81-0.92: very
good agreement; 0.93-1.00: excellent agreement.
We conducted meta-analysis in cases where three or more studies were used the same
outcome measures. In cases of clinical heterogeneity (e.g. diversity of follow-up time points)
we performed a best evidence synthesis of outcomes related to QoL, function, activity and
participation level, which were used in two or more studies. As we anticipated that included
studies would be non-randomised, we ranked the levels of evidence per comparison and
for each outcome using a method described by Yusuf et al.47, which is a modification of the
guidelines on systematic review of the Cochrane Collaboration Back Review Group.48 This
modified method was also used by Veenhof et al.49 and ranks the level of evidence in five
levels (Table 1).
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Table 1. Level of evidence47
Strong evidence

Generally consistent findings in multiple high quality cohort studies.

Moderate evidence

Generally consistent findings in one high quality cohort study and ≥2 high quality
case-control studies, or in in ≥3 high quality case-control studies.

Limited evidence

(Generally consistent) findings in a single cohort study, or in maximum two casecontrol studies, or in multiple cross-sectional studies.

Conflicting evidence

Less than 75% of the studies reported consistent findings.

Insufficient evidence

Less than two low quality studies available.

No evidence

Provided when no studies could be found.
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RESULTS
Selected studies

2

We retrieved 226 potential eligible studies. Thirty-six were classified as potentially eligible
on preliminary screening. Assessment of full texts of these studies resulted in seven
studies12,18,20,35,50-52 being rated eligible for inclusion. A flowchart of the selection process,
including reasons of the articles subjected to a review of the full text, is presented in Figure
1. Reasons for exclusion of the articles screened out on the basis of the title and abstract are
presented Appendix 2.

Study characteristics
Table 2 provides a profile of the included studies. Seven studies were included in the systematic
review, of which five were longitudinal (before and after) cohort studies12,18,20,51,52 and two
were cross-sectional studies.35,50 In one cohort study52, the intervention group was compared
to a control group of healthy subjects. Our search did not retrieve any randomised controlled
trials (RCTs) or Controlled Clinical Trials (CCTs) comparing bone-anchored prostheses with
socket prostheses. The cohort studies assessed a grand total of 110 patients with a lower
extremity amputation and the cross-sectional studies assessed a total of 185 socket prosthesis
users and 32 bone-anchored prosthesis users. The age at inclusion for the cohort studies
ranged from 20 to 70 years; in cross-sectional studies the age at inclusion ranged from 28 to
70 years for socket prostheses users and 26 to 67 years for bone-anchored prostheses users.
Time from primary amputation to inclusion in the cohort studies ranged from 10 months to
45 years. In the cross-sectional studies time from primary amputation to inclusion varied
from 2 to 56 years for socket prostheses users and, from 6 to 46 years for bone-anchored
prostheses users. All patients in the included studies had a transfemoral amputation and the
most common cause of primary amputation was trauma. The recruitment period for all the
studies covered the period from 2005 to 2014. The studies were performed in two countries,
Sweden (n = 6)18,20,35,50-52 and the Netherlands (n = 1).12 In Sweden bone-anchored prostheses
were placed with OPRA and in the Netherlands with EEFP. The sample size in the cohort
studies ranged from 18 to 51 participants; in the cross-sectional studies the number of socket
prosthesis users ranged from 43 to 142 participants and, the number of the bone-anchored
prosthesis users from 12 to 20. The study of Hagberg et al.51 is not included in the above
presented summary concerning the grand total of assessed patients because the sample was
also analysed by Branemark et al.20 However, we decided not to exclude the study entirely
because the majority of the outcome measures were different from those used by Branemark
et al.20 To our knowledge, there is no other instance of overlap between participants in the
included studies.
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n = 51 (28 M, 23 F)

45 uni TF, 6 bi TF

after)

39 uni TF

Cohort (before and

after)

Hagberg

n = 18 (8 M, 10 F)

16 uni TF, 2 bi TF

(2 years after step 2)

Cohort (before and

after)a

(2 years after step 2)

Hagberg

et al. (2008)18

Sweden

b

(extracted from literature)

• HS; n = 258 (M/F unknown)

12 uni TF

• BAP; n = 12 (9 M, 3 F)

Sweden

et al. (2014)

a

n = 39 (17 M, 22 F)

after step 2)

Sweden

51

unknown) 142 TF

(BAP; at least 1 year

et al. (2010)35

(extracted from literature)

• SP; n = 142 (M/F

Cross-sectionala

step 2)

(1 and 2 years after

b

Frossard

Sweden

et al. (2014)

a

Cohort (before and

20

Branemark

Arterial embolus (6)a

Tumour (28)a

Trauma (67)a

Other (13)
a

Tumour (28)
a

Trauma (59)a

unknown

Other (11)

Tumour (24)

Trauma (65)

12 SD 11 (8) [1-42]

[range]

amputation to inclusion ± SD (median)

Mean time (yrs) from primary

45 SD 10.6 (47)a [22-62]

44 SD 12.4 (?) [ ? ]

HS; 34.7 SD 9.7 (31.0) [20.1-52.7]

BAP; 47.5 SD 9.7 (47.7) [26.0-62.0]

[10 months-33]

15 SD 13.1 (9)a

13 (?; ?) [ ? ]a

SP; 40.0 SD 3.2 (41.0) [35.7-45.0] unknown

44 SD 12 (46) [20-65]

[range]

Level of amputation

Mean age (yrs) at
inclusion ± SD (median)

Cause of amputation (%)

Sex (M/F)

(Follow up)

Study location

Participants (n)

Study design

Table 2. Study characteristics

Authors (year)

and rehabilitation)

(two-step surgery

OPRA

and rehabilitation)

(two-step surgery

OPRA

and rehabilitation)

(two-step surgery

OPRA

and rehabilitation)

(two-step surgery

OPRA

Intervention
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42

21 uni TF, 1 bi TF

after)a

(1 years after step 2)

et al. (2013)12

The Netherlands

Tumour (9%)a

Trauma (91%)a

Arterial embolus (5)a

Infection (5)
a

Tumour (21)
a

Trauma (68)a

BAP;

Other (10)

Tumour (25)

46.5 SD 10.7 (?) [23-67]

Patients; 44.2 SD 13.7 (?) [ ? ]

16.4 SD 14.8 (?) [2-45]

Patients; 15.4 SD ? (?) [1-42]

(p = 0.007)

Significant difference

BAP; 19 SD 11.3 (15.5) [6-46]

SP; 29 SD 14.7 (28) [2-56]

[range]

amputation to inclusion ± SD (median)

Mean time (yrs) from primary

and rehabilitation)

(two-step surgery

EEFP

and rehabilitation)

(two-step surgery

OPRA

and rehabilitation)

(two-step surgery

OPRA

Intervention

population; Hagberg et al 51 excluded the patients with a bilateral transfemoral amputation and the patients who were lost to follow up (n = 6).

bilateraal transfemoral amputation; OPRA: Osseointegrated Prosthesis for the Rehabilitation of Amputees; EEFP: Endo-Exo Femoral Prosthesis; adetermined/calculated by first author; bbased on the same

?: Not stated; pt: participants; SP: Socket prosthesis; BAP: Bone-anchored prosthesis; HS: Healthy subject; n: number of participants M: Male; F: Female; uni TF: unilateral transfemoral amputation; bi TF:

n = 22 (18 M, 4 F)

age-, side- and gender matched

(2 years after step 2)

Cohort (before and

• HS; n = 57

with control group

Sweden

Van de Meent

19 uni TF

after)a

vs 16 cm (p < 0.001)

et al. (2011)52

Tumour (20)

SO longer than BAP; 22 cm

• Patients; n = 19 (9 M, 10 F)

Trauma (70)

Mean residual limb length

Cohort (before and

BAP;

20 uni TF

step 2)

Tranberg

Other (5)

• BAP; n = 20 (15 M, 5 F)

(range 2 10) after

Sweden

BAP; 46 SD 11.3 (26.5) [26-67]

43 uni TF

(BAP; median 5 years

et al. (2005)50

Trauma (70)

SP; 51 SD 11.7 (50) [28-70]

SP;

• SP; n = 43 (32 M, 11 F)

Cross-sectionala

Hagberg

[range]

Mean age (yrs) at

Level of amputation

Cause of amputation (%)
inclusion ± SD (median)

(Follow up)

Study location

Participants (n)

Sex (M/F)

Study design

Authors (year)

Table 2. Study characteristics (continued)
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Methodological quality assessment
There was 93% inter-rater agreement between the two reviewers on the ratings of individual
domains of methodological quality. The estimated mean linear weighted Kappa value was 0.86
± 0.07. The most common shortcomings were lack of adjustment for confounding variables
and failure to blind assessors and participants. The few disagreements about domain ratings
were due to errors of comprehension or differences in interpretation of the methodological
quality criteria; in no case did they affect the global score. All disagreements were resolved
by discussion. The global rating of methodological quality was weak for all seven studies.
Global EPHPP scores and scores for the six domains of methodological quality are presented
in Table 3.
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Table 3. Methodological quality assessment ratings based on the Effective Public Health
Practice Project tool for quantitative studies
Authors (year)

Selection bias

Study design

Confounders

Blinding

Data collection

Withdrawals

Global

and drop-outs

rating

Branemark et al. (2014)20

Moderate

Moderate

Weak

Weak

Strong

Strong

Weak

Frossard et al. (2010)35

Moderate

Weak

Weak

Weak

Weak

Moderate

Weak

Hagberg et al. (2014)51

Moderate

Moderate

Weak

Weak

Strong

Strong

Weak

Hagberg et al. (2008)18

Moderate

Moderate

Weak

Weak

Strong

Strong

Weak

Hagberg et al. (2005)

Moderate

Weak

Weak

Weak

Weak

Moderate

Weak

Moderate

Moderate

Weak

Weak

Strong

Strong

Weak

Moderate

Moderate

Weak

Weak

Strong

Strong

Weak

50

Tranberg et al. (2011)

52

Van de Meent et al. (2013)

12

Measurement instruments used in the studies
Ten different measurement instruments were used across the seven included studies and
two studies also used separate questions about sitting comfort50 and working status18 (Table
4). Instruments were classified as measuring QoL, function, activity or participation level
outcome measures in line with the review by Samuelsson et al.40 The most frequently used
instrument was the Questionnaire for persons with Transfemoral Amputation (Q-TFA). Three
different questionnaires were used in evaluation of QoL, the Q-TFA (problem score18,20,51 and
global score12,18,20,51), the 36-item Short-Form health survey (SF-36)18,20,51 and the revised
36-item short-form health survey, which assesses six dimensions of health status (SF-6D).51
The Q-TFA was also used to assesses outcome on function level (prosthetic use 12,18,20,51) and
activity level (prosthetic mobility18,20,51). Range of hip motion (assessed using a goniometer50)
and biomechanical gait characteristics (assessed using a transducer35 and laboratory
measurements52) were also used as indicators of function level. Four physical performance
measures were used to evaluate the activity level. The 6-Minute Walk Test (6MWT)12 and

43

44
stance phase)
• Q-TFA12,18,20,51

- vitality (VT)18,20

- social functioning (SF)18,20
- prosthetic mobility score (PMS)18,20,51

• Q-TFA12,18,20,51

• Physiological Cost Index (PCI)20

• Question work status18

Participation restrictions

Question working status (answer options: working, pension, disability pension, sick).

PS; PUS can be expressed as a point score (0-100)18,20,51 or in hours per week (0-108.5)12); Question sitting comfort (answer on 5 point likert scale; no trouble to a great deal of trouble);

prosthetic use score (PUS), prosthetic mobility score (PMS), problem score (PS) and global score (GS) (range 0-100 points, higher scores represent better health, except in the case of

item short-form health survey (range 0-1, where 1 indicates full health and 0 indicates death); Q-TFA: Questionnaire for persons with Transfemoral Amputation, divided into 4 subscales;

physical component score (PCS) and mental component score (MCS). Range for all subscales and summary scores 0-100 points, higher scores represent better health; SF-6D; revised 36-

general health (GP) and 4 role limitations due to mental health: vitality (VT), social functioning (SF), role emotional (RE) and mental health (MH) and 2 summary component score:

SF-36: 36-item short-form health survey, divided in 8 subscales: 4 role limitations due to physical health: physical functioning (PF), role physical functioning (RP), bodily pain (BP) and

- global score (GS)12,18,20,51

- problem score (PS)18,20,51

• Q-TFA12,18,20,51

• SF-6D51

- mental component summary (MCS)18,20

- physical component summary (PCS)18,20,51

- mental health (MH)18,20

- prosthetic use score (PUS)12,18,20,51

during walking at self-preferred walking speed12

(cadence, duration gait cycle, swing phase and

- general health (GP)18,20

- role emotional (RE)18,20

• Oxygen consumption laboratory measurement

• Transducer35; temporal gait characteristics

- bodily pain (BP)18,20

• Timed Up & Go (TUG)12

data hip and pelvis during gait

- role physical functioning (RP)18,20

• 6-Minute Walk Test (6MWT)12

• Question sitting comfort50

• Qualisys mcu 24052; sagittal plane kinematic

• Goniometer50; range of hip motion

• SF-3618,20,51

Activity limitations

- physical functioning (PF)18,20,51

Impairments in body function or structure

Table 4. Measurement instruments used

Quality of Life
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Timed Up & Go (TUG)12 were used to assess walking ability in terms of distance covered in
6-minutes and time needed to get up from a chair, walk 3-meter up and down a walkway and
sit again. The energetic cost of walking was assessed clinically using the Physiological Cost
Index (PCI)51 or with laboratory measurements.12

2

Synthesis of results/meta-analysis
Owing to the diversity of instruments, follow-up time points and study designs meta-analysis
of the data would not have been meaningful. The Q-TFA was the most frequently used
measure of outcome, but scores were analysed differently in the various studies. For example
the Swedish studies18,20,51 calculated the prosthetic use score in points and the Dutch study12 in
hours per week. Furthermore, two articles presented overlapping results extracted from the
Q-TFA and SF-36 because they assessed an overlapping sample.20,51 Because of this overlap
we excluded the Hagberg et al.51 Q-TFA data (with exception of the subscales of the mobility
score) and data from SF-36. A best evidence synthesis was carried out for all outcomes used
in at least two studies; these data are presented in Table 5.
Table 5. Best evidence synthesis
Outcome and follow-up

Effectiveness of BAPs relative

Best evidence synthesis

to SPs (risk of bias)
Condition-specific QoL (PS, GS)
1 year after BAP

Greater (low12,20)

Limited evidence

2 year after BAP

Greater (low18,20)

Limited evidence

1 year after BAP

Greater (low20)

Limited evidence

2 year after BAP

Greater (low 18,20)

Limited evidence

1 year after BAP

Greater (low20)

Limited evidence

2 year after BAP

Greater (low18,20)

Limited evidence

1 year after BAP

Similar (low20)

Limited evidence

2 year after BAP

Greater (low18), Similar (low20) Conflicting evidence

General QoL; physical functioning

General QoL; role physical

General QoL; bodily pain

General QoL; general health
1 year after BAP

Similar (low20)

Limited evidence

2 year after BAP

Similar (low18,20)

Limited evidence
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Table 5. Best evidence synthesis (continued)
Outcome and follow-up

Effectiveness of BAPs relative

Best evidence synthesis

to SPs (risk of bias)

2

General QoL; physical component score
1 year after BAP

Greater (low20)

2 year after BAP

Greater (low

Limited evidence
)

18,20

Limited evidence

General QoL; mental health (VT, SF, RE, MH, MCS)
1 year after BAP

Similar (low20)

Limited evidence

2 year after BAP

No (low

Limited evidence

)

18,20

Function level; PUS
1 year after BAP

Greater (low12,20)

Limited evidence

2 year after BAP

Greater (low

Limited evidence

)

18,20

Activity level; PMS
1 year after BAP

Greater (low20)

2 year after BAP

Greater (low

Limited evidence
)

Limited evidence

Greater (low18,51)

Limited evidence

Similar (low18,51)

Limited evidence

1 year after BAP

Greater (low12,51)

Limited evidence

2 year after BAP

Greater (low51)

Limited evidence

18,20

Activity level; PMS subscores capability and walking habit
2 year after BAP
Activity level; PMS subscore walking habit
2 year after BAP
Activity level; energy cost of walking

BAP: bone-anchored prosthesis; SP: socket prosthesis: Condition-specific Quality of Life (QoL) assessed using Q-TFA:
Questionnaire for persons with Transfemoral Amputation (2 subscales: problem score (PS) and global score (GS)).
General QoL; mental health assessed using the 36-item short-form health survey (4 subscales: vitality (VT), social
functioning (SF), role emotional (RE) and mental health (MH) and 1 summary component score, mental component
score (MCS)). Function level assessed using Q-TFA prosthetic use score (PUS). Activity level assessed using Q-TFA
prosthetic mobility score (PMS) and energetic cost of walking (Physiological Cost Index and laboratory measurement).

Results of individual studies
Table 6 presents a comparison of the outcome of socket prostheses use compared to boneanchored prostheses use.
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Quality of life
Two low-quality cohort studies used the Q-TFA problem score as a measure of conditionspecific QoL18,20 and three low-quality cohort studies used the Q-TFA global score.12,18,20 All five
studies reported that condition-specific QoL improved significantly by use of bone-anchored
prosthesis rather than socket prosthesis. This constitutes limited evidence for an improvement
in condition-specific QoL in the first12,20 and in the second18,20 year after bone-anchored
prosthesis surgery relative to socket prosthesis use. Two low-quality cohort studies used the
SF-36 to assess general QoL18,20. They reported that the physical functioning score18,20, role
physical functioning score18,20 and physical component summary18,20 improved significantly
with use of a bone-anchored prosthesis rather than a socket prostheses. Hagberg et al.18
reported that SF-36 bodily pain score improved significantly using bone-anchored prosthesis
compared to socket prosthesis, however Branemark et al.20 reported no change. Scores on
other subscales of the SF-3618,20 did not change significantly as a result of replacing socket
prostheses with bone-anchored prostheses. In conclusion, there is limited evidence that
scores on the SF-36 measures of physical health (physical functioning score18,20, role physical
functioning score18,20 and physical component summary18,20) improved in the first20 and in
the second18,20 year after bone-anchored prosthesis surgery relative to socket prosthesis use.
There was limited evidence that the physical bodily pain subscale score did not change in
the first20 year after surgery to fit a bone-anchored prosthesis and conflicting evidence on
change in the second post-surgery year.18,20 Furthermore, there was limited evidence that the
physical general health subscale and all mental health subscales (measured with SF-36) did
not change in the first20 and in the second18,20 year after bone-anchored prosthesis surgery
relative to socket prosthesis use. One low-quality study51 used a utility instrument53, namely
SF-6D; this study reported an improvement in general health status in the second year after
bone-anchored prosthesis surgery relative to socket prosthesis use.

2

Function level
Three low-quality cohort studies12,18,20 used the Q-TFA prosthetic use score to assess
prosthesis wearing time. All the studies found that wearing time improved significantly with
use of a bone-anchored prosthesis relative to use of a socket prosthesis. There was limited
evidence that wearing time improved in the first12,20 and in the second18,20 year after boneanchored prosthesis surgery relative to socket prosthesis use. One low-quality cross-sectional
study50 compared range of hip motion with and without the prosthesis in users of boneanchored prostheses and socket prostheses. This study showed that range of hip motion was
lower when wearing the prosthesis compared to without it for socket prosthesis users but
not for bone-anchored prosthesis users; the bone-anchored prosthesis users were assessed
between two and ten years after bone-anchored prosthesis surgery.50 The same study found
that users of bone-anchored prostheses had a significant larger range of hip motion than
socket prosthesis users, while wearing the prosthesis.50 The other low-quality cross-sectional
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study35 assessed temporal gait variables (cadence, duration gait cycle and duration support
phase) in bone-anchored prosthesis users who were at least one year post-surgery, socket
prosthesis users and healthy subjects. This study found that bone-anchored prosthesis
users had a gait more similar to that of healthy subjects than did socket prosthesis users,
except with respect to swing phase duration.35 One low-quality cohort study52 assessed gait
kinematics in the sagittal plane. This study found that during the stance phase use of a boneanchored prosthesis increased hip extension and decreased anterior pelvic tilt relative to use
of a socket prosthesis.52 These kinematics while using a bone-anchored prosthesis are more
similar to that of healthy subjects relative to socket prosthesis use, but that they still differ
significantly with respect to healthy subjects.52

2

Activity level
Two low-quality cohort studies used the Q-TFA mobility score as an indicator of mobility
level.18,20 Two low-quality cohort studies analysed the walking aid, capability and walking
habit subscores of the Q-TFA mobility score.18,51 All studies found that using a bone-anchored
prosthesis resulted in significant improvements in overall mobility score, capability subscore
and walking habit subscore during bone-anchored prostheses use compared to socket
prostheses use, but there was no change in walking aid subscore.18,51 In conclusion, there is
limited evidence that mobility level improved in the first20 and second18,20 year after boneanchored prosthesis surgery relative to mobility with a socket prosthesis. There is limited
evidence that bone-anchored prosthesis surgery did not change walking aid use in the first
two year after surgery relative to use with a socket prosthesis.18,51 One low-quality crosssectional study50 assessed discomfort when sitting in users of bone-anchored prosthesis and
socket prosthesis users, and found that using a bone-anchored prosthesis was associated
with less discomfort when sitting than use of a socket prosthesis.50 One low-quality cohort
study12 assessed walking ability and found that it improved significantly in the first year after
bone-anchored prosthesis surgery relative to use of a socket prosthesis, both in terms of
distance covered in 6-minutes and time needed to get up from a chair, walk 3-meter up and
down a walkway and sit again.12 Two low-quality cohort studies12,51 assessed energy cost of
walking; both studies found that use of a bone-anchored prosthesis reduced the energetic
cost of walking significantly compared with use of a socket prosthesis. In conclusion, limited
evidence was found that in the first12 and the second51 year after surgery using a boneanchored prosthesis reduced energy costs of walking relative to a socket prosthesis.
Participation level
One low-quality cohort study18 assessed work situation. This study found no evidence that
work situation two years after bone-anchored prosthesis surgery was different from before
this surgery.18
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(2014)51

Hagberg et al.

(2010)35

Frossard et al.

20

(2014)

Branemark et al.

n=0

Not Applicable

Before (t0) BAP vs 1 year (t1) vs 2 years (t2) after BAP
(p; change t2 vs t0)
Heart rate at rest; 76 vs 76 vs 76 (NS)b

(p; change t2 vs t0)

Q-TFA:

Not Applicable

Other subscales and MCS did not change significantb

PCS; 74 vs 76 vs 76a (p < 0.001)b

RP; 41 vs 65 vs 63a (p < 0.001)b

PF; 35 vs 57 vs 58a (p < 0.001)b

SF-36:

Overall situation; improved at t1 and t2 vs t0 (p < 0.001)b

GS; 38 vs 75 vs 77a (p < 0.001)b

PS‡; 44 vs 16 vs 17a (p < 0.001)b

PMS; 52 vs 66 vs 70a (p < 0.001)b

Before (t0) BAP vs 1 year (t1) vs 2 years (t2) after BAP

Swing: 0.56 SD 0.07 seconds (43 SD 3% of GC) vs 1%↓ vs 13%↓

Support: 0.73 SD 0.07 seconds (57% SD 3% of GC) vs 6%↑ vs 6%↓

Duration gait cycle: 1.29 SD 0.11 seconds vs 3%↑ vs 9%↓

Cadence: 46 SD 4 strides/minute vs 2%↓ vs 11%↑

Temporal gait variable BAP compared to SP and HS

PUS (points); 47 vs 81 vs 79a (p < 0.001)b

Daily prosthesis use; 57% vs 89% of the pt
b

Q-TFA:

Q-TFA:

3: related to the implant)

Before (t0) BAP vs 1 year (t1) vs 2 years (t2) after BAP

Secondary outcomes

(p; change t1 and t2 vs t0)

Before (t0) BAP vs 1 year (t1) vs 2 years (t2) after BAP

Primary outcomes

(3: related to the implant; (p; change t1 and t2 vs t0)

n=6

(reason)

Pt lost to follow-up

Table 6. Comparison of outcome with socket prostheses and bone-anchored prostheses

Study (year)
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50

(2008)18

Hagberg et al.

Study (year)

n=0

(reason)

Pt lost to follow-up

Distance (meters) during 5min walk; 280 vs 264 vs 290 (NS)b
Comfortable walking speed (m/min); 56.1 vs 52.8 vs 57.9 (NS)b

Walking aid subscore; 75 vs 69 vs 75 (p = 0.327)b

Capability subscore; 58 vs 79 vs 83 (p < 0.0001)b

Before BAP: 11 of the 18 participants worked
2 years after BAP; 10 of the 18 participants worked
(reason decrease; loosening of the implant)

(p; change t1 vs t0)

Q-TFA:

PUS (points); 51 vs 83 (p = 0.013)
b

PF; 31 vs 60 (p = 0.001)

SF-36:

GS; 36 vs 73a (p = 0.002)b

PS‡; 39 vs 18a (p = 0.002)b

Walking habit subscore; 39 vs 57 (p = 0.013)b

Capability subscore; 60 vs 88 (p = 0.001)b

Walking aid subscore; 70 vs 76 (p = 0.168)b

a

PMS; 56 vs 74 (p = 0.001)

a

Working status:

Before (t0) BAP vs 2 year (t1) after BAP

0.749 vs 0.702 vs 0.610 (p < 0.0001)b

PCI:

0.653 vs 0.682 vs 0.692 (p = 0.007)b

SF-6D:

Walking habit subscore; 36 vs 51 vs 50 (p < 0.0001)b

Heart rate at work; 117 vs 111 vs 110 (p = 0.006)b

Secondary outcomes

PMS;

Primary outcomes

Table 6. Comparison of outcome with socket prostheses and bone-anchored prostheses (continued)
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• male gender; OR 6.90; p = 0.044
Residual limb length, degree of hip flexion without wearing the
prosthesis, degree of hip flexion when wearing the prosthesis
where no significant predictors

Flexion; SP < BAP (mean difference 7°, p = 0.007)

Extension; SP > BAP (mean difference 5°, p = 0.019)

Other movements affected side and contralateral hip; no significant

differences of ROM between SP and BAP

SP; Mean difference hip motion without vs with prosthesis:

Applicable

(2005)50

ROM flex-ext; 4° SD 7.1° (?) [-10° - 20°] (p = 0.017)

Extension; 2° SD 5.0° (?) [-5° - 15°] (p = 0.058)

Flexion; 2° SD 4.7° (?) [-10° - 10°] (p = 0.099)

BAP; Mean difference hip motion without vs with prosthesis:

ROM abd-add; -7° SD 6.3° (?) [-25° - 5°] (p < 0.001)

Adduction; -3° SD 4.3° (?) [-15° - 30°] (p < 0.001)

Abduction; -4° SD 4.5° (?) [-15° - 5°] (p < 0.001)

ROM flex-ext; -24° SD 12.0° (?) [-55° - 0°] (p < 0.001)

Extension; -8° SD 7.2° (?) [-30° - 0°] (p < 0.001)

Flexion; -15° SD 8.5° (?) [-35° - 0°] (p < 0.001)

• hip flexion <90° with prosthesis; OR 6.59; p = 0.014

Hip motion without prosthesis:

Predictors for discomfort when sitting with a SP:

Secondary outcomes

Not

Other subscales and MCS did not change significant

PCS; 31 vs 44 (p = 0.001)

BP; 53 vs 72 (p = 0.029)

RP; 38 vs 68 (p = 0.003)

Primary outcomes

Hagberg et al.

(reason)

Pt lost to follow-up

Table 6. Comparison of outcome with socket prostheses and bone-anchored prostheses (continued)

Study (year)
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51

52

52

(2011)

Tranberg et al.

n=0

(reason)

Pt lost to follow-up

t0; 21.7° SD ? (?) [11.9° - 34.8°]

Maximum anterior pelvic tilt angle during stance phase of prosthetic leg:

HS vs t1; -4.6° (p = 0.028)

t1; -9.9° SD ? (?) [-29.4° - 5°] (t1 vs t0; p = 0.028) Median difference 7.3°

t0; -2.6° SD ? (?) [-13.4° - 10.7°]

Maximum hip extension angle during stance phase of prosthetic leg:

Before (t0) BAP vs 2 year (t1) after BAP

sitting with prosthesis: 44% vs 5%

SP vs BAP; % of pt with moderate to a great deal of trouble when

SP vs BAP; % of pt < 90° hip flexion with prosthesis: 37% vs 0%

ROM rotation; 0° SD 0.8° (?) [0° - 5°] vs 48° SD 9.5° (?) [35° - 60°] (p < 0.001)

External rotation; 0° SD 0.0° (?) [0°] vs 24° SD 6.7° (?) [10° - 35°] (p < 0.001)

Internal rotation; 0° SD 0.8° (?) [0° - 5°] vs 24° SD 7.5° (?) [15° - 50°] (p < 0.001)

SP vs BAP; Mean hip motion with prosthesis:

Adduction (p = 0.032)

Flexion, extension, ROM flex-ext, abduction, adduction (p < 0.001)

SP vs BAP; Mean difference hip motion without vs with prosthesis:

ROM abd-add; 1° SD 4.8° (?) [-5° - 10°] (p < 0.614)

Adduction; -1° SD 3.6° (?) [-10° - 5°] (p = 0.527)

Abduction; 1° SD 3.5° (?) [-5° - 5°] (p = 0.206)

Primary outcomes

Not Applicable

Secondary outcomes

Table 6. Comparison of outcome with socket prostheses and bone-anchored prostheses (continued)

Study (year)
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n=0

(reason)

Pt lost to follow-up

Q-TFA (PUS):
99 vs 105 h/wk (p = 0.27)b

15.1 SD 2.1 (11) [6.3 - 29.3] vs 8.1 SD 0.7 (7.3) [4.9 - 15.3] (p = 0.002)b

Oxygen (mL/min):

GS; 39 SD 4.7 (42) [8 - 75] vs 63 SD 5.3 (75) [42 - 100] (p < 0.001)

PUS (h/wk); 56 SD 7.9 (46) [1.5 - 108.5] vs 101 SD 2.4 (98) [56 – 108.5] (p < 0.001)

Q-TFA:

1330 SD 310 (1306) [801 - 1991] vs 1093 SD 361 (1084) [300 - 1714] (p = 0.001)b

436 vs 412 (p = 0.29)b

6MWT:

TUG:

321 SD 28 (326) [230 - 470] vs 423 SD 21 (427) [323 - 613] (p = 0.002)

infections at 1 year after BAP (p-value)

6MWT:
b

Mean outcomes pt with (n = 8) vs without (n = 14)a superficial

Secondary outcomes

Before (t0) BAP vs 1 year (t1) after BAP (p; change t1 vs t0)

HS vs t1; -?° (p = 0.002)

t1; -7° SD ? (?) [-20.7° - 12°] (t1 vs t0; p = 0.52) Median difference ?°

t0; -8.7° SD ? (?) [-19.6° - 12.0°]

Maximum hip extension angle during stance phase of sound leg:

HS vs t1; -10.3° (p = 0.000)

t1; 17.7° SD ? (?) [5.5° - 25.7°] (t1 vs t0; p = 0.016) Median difference 4°

Primary outcomes

n: number of participants; acalculated by first author; bpre- and post-measurements differ in number of participants.

rate at rest/ comfortable walking speed.); ROM: Range of motion; 6MWT: 6-minute walk test (in meters); TUG: Timed Up & Go (in seconds); NS: not significant; OR: odds ratio; CI: Confidence Interval;

component summary; SF-6D: revised 36-item short-form health survey (range 0-1, where 1 is full health and 0 means death); PCI: Physiological Cost Index (was calculated by heart rate at work - heart

summaries scores are normalised to a mean 50 SD 10 for a healthy population); PF: physical functioning; RP: Role Functioning Physical; BP: Bodily pain; PCS: Physical component summary; MCS: mental

score (in points or h/wk: hours a week); PMS: prosthetic mobility score; PS; problem score (‡ Problem Score is reversed); GS: Global score; SF-36: 36-item short-form health survey (0-100 points, the

Pt: participants; SP: Socket prosthesis; BAP: Bone-anchored prosthesis; HS: Healthy subjects; Q-TFA: Questionnaire for persons with Transfemoral Amputation (0-100 points); PUS: prosthetic use

(2013)12

Van de Meent et al.

Study (year)

Table 6. Comparison of outcome with socket prostheses and bone-anchored prostheses (continued)
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DISCUSSION
This review has demonstrated that studies comparing bone-anchored prostheses with
socket prostheses have used a wide variety of instruments to evaluate outcome. There was
consensus within the included studies with respect to indicators of QoL, with the Q-TFA12,18,20,51
being used to assess condition-specific QoL and the SF-3618,20,51 for general QoL. The Q-TFA
was also used to assess function12,18,20,51 and activity level18,20,51. However, the Q-TFA prosthetic
use score was analysed differently in the various studies. The Q-TFA was the only indicator
of function, activity and participation level used in more than one study. We also concluded
that relative to use of a socket prosthesis, use of a bone-anchored prosthesis resulted in
better condition-specific QoL12,18,20,51 and better general physical health QoL in terms of most
indicators.18,20,51 The evidence on the effects on physical bodily pain of replacing a socket
prosthesis with a bone-anchored prosthesis was inconclusive.18,20 We also concluded that
relative to use of a socket prosthesis, use of a bone-anchored prosthesis resulted in better
function12,18,20,35,50-52 and activity level12,18,20,50,51, but had no effect on participation level.18 We
also noted that in 25 years of bone-anchored prosthesis surgery13, only seven studies have
compared the outcomes of bone-anchored prosthesis use relative to socket prosthesis use in
terms of QoL, function, activity and participation level and all these studies were conducted
in the last ten years. Participation level after bone-anchored prosthesis surgery relative to
socket prosthesis use is rarely assessed.
Three articles54-56 were excluded because of their study design however are worthwhile
to discuss. Khemka et al.55 described four patients with a transtibial amputation who
underwent a total knee replacement combined with an osseointegrated implant. Khemka
et al.54 described three patients with a transfemoral amputation who underwent a total hip
replacement combined with an osseointegrated implant. Both studies of Khemka et al. used
measurement instruments included in this review, namely the Q-TFA to assess conditionspecific QoL, SF-36 (physical and mental component summary) for general QoL and 6-Minute
Walk Test and Timed Up & Go to assess walking ability. Furthermore, they introduced two
additional measurement instrument, including K-levels to assess mobility level and a dual axis
accelerometer to assess physical activity level in daily life. Noteworthy is that the Q-TFA is used
differently compared to the studies included in this review. Khemka et al. used a summary
score (0-100) of all four subscales of the Q-TFA to assess condition-specific QoL instead of the
score of only the subscales problem and global score. Both studies reported an improvement
of all outcome measures at follow-ups relative to before surgery with exception of one patient
with a transtibial amputation who remained at the same K-level as before surgery and three
patients with a transtibial amputation who had a stable mental component summary (SF-36).
Follow-up time periods ranged from 12 to 30 months. The study of Schalk et al.56 included
one patient with a bilateral transfemoral amputation with an eight-months follow-up after
bilateral press-fit BAP surgery. In this study, two patient-reported measurement instruments,
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the Lower Extremity Functional Scale (LEFS) and the life habits questionnaire (LIFE-H), were
used to assess activity and participation level, respectively. The activity level of this patient
increased after BAP surgery relative to baseline (two-years before BAP surgery). Participation
level increased on the majority of the categories such as recreation, community life, mobility,
housing, and fitness however decreased on the categories work and relationships. The
increased activity level is in line with the results of our review. Work is the only comparable
category with our review within participation level, which showed a different trend.
The systematic review of Van Eck et al.38 had one overlapping research question on
functional outcomes with this review however they searched in less databases, reported
their results less detailed and without a clear structure such as the International Classification
of Functioning, Disability and Health (ICF). In addition, Van Eck et al. also reported the
complications and costs of bone-anchored prostheses. As a result of this Van Eck et al.
included six studies more than we did, however three relevant studies 35,51,52 concerning
functional outcomes of bone-anchored prostheses are lacking compared to our review. From
the overlapping studies12,18,20,50 Van Eck et al. concluded similar to our critical appraisal that
the methodological quality of the individual studies had flaws. The conclusions concerning
the functional outcomes of these studies were similar to our conclusions, however Van Eck
failed to report the change over time of the before-after cohort study of Hagberg et al.18 and
did not report the functional outcomes of the cross-sectional study of Hagberg et al.50 No
best evidence synthesis was performed by Van Eck et al.

2

Strengths and limitations
It is important to note that it is very likely that all the patients included in this review used a
bone-anchored prosthesis after a period of socket prosthesis use. This is definitely the case
for the patients enrolled in the longitudinal cohort studies and is very likely in the case of
patients in the cross-sectional studies as the introductions to the reports of both these studies
state that a bone-anchored prosthesis is an alternative option for patients with socket-related
problems with a socket prosthesis. We decided not to use the ICF categories to categorize the
various aspects of QoL. In this we followed Samuelsson et al.40, who also classified the SF-36,
a utility instrument (e.g., EQ-5D) and Q-TFA problem score and global score as indicators of
QoL rather than the ICF categories. We found a different utility instrument (SF-6D51) which
is based on the SF-36, therefore we classified the outcome as indicator of QoL. It may be
more correct to categorize the various aspects of QoL into the ICF categories, however than
the ICF linking rules had to be used to interpret the QoL instruments.57 We decided that this
approach was beyond the scope of this review. We followed Samuelsson et al.40 in treating
the Q-TFA prosthetic mobility score as an indicator of activity level. We decided to classify
the Q-TFA prosthetic use score as an indicator of function level because it assesses prosthesis
wearing time rather than use in specific activities.
A discussion point in the judgement of the used critical appraisal tool is the appraisal
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of the study design.42 In our opinion a longitudinal cohort (before and after design) is a
good and ethical way to compare bone-anchored prostheses and socket prostheses in
clinical practice; however the EPHPP tool assigns such a design low ratings for handling of
confounding variables and lack of blinding, which means that overall methodological quality
is rated “weak”. The EPHPP tool also tends to assign cross-sectional designs lower ratings
than longitudinal designs.58 A consequence of the used research designs was that the found
differences between bone-anchored prostheses and socket prostheses were rated as ”limited
evidence” in the best evidence synthesis. In their review Sanderson et al.59 found that there
was no obvious candidate tool for assessing the quality of observational, epidemiological
studies; this highlights the difficulty of evaluating the methodological quality of observational
studies. Where bone-anchored prostheses to be used as a primary prosthesis, then it
would be possible to use quasi-experimental designs or propensity score-matched cohorts;
which are more powerful methods of investigating the differences between bone-anchored
prostheses and socket prostheses.
The clinimetric properties of some of the instruments used, for example the goniometer50
and physiological cost index51,60, were poor or untested in patients with a lower extremity
amputation. The most frequently used instrument was the Q-TFA, this instrument was
developed for use in patients with a lower extremity amputation but in our opinion the
problem subscale score is not appropriate for bone-anchored prosthesis users because some
question relate specifically to socket prostheses.
In four12,18,20,51 of the five cohort studies, the results for several outcome indicators were
based on asymmetrical pre- and post-surgery samples. Because the differences in participant
numbers were small we consider it unlikely that this biased the results. The study of Hagberg
et al.51 may have suffered from selection bias. This study used the same sample as Branemark
et al.20, but without the patients with a bilateral transfemoral amputation (n = 6) and the
patients who were lost to follow up (n = 6). Given the very small differences between these
two studies20,51 with respect to SF-36 and Q-TFA scores we consider it unlikely that this biased
our findings.
A number of factors decreased the generalisability of the findings of this review. Firstly,
socket-related problems are the main reason for receipt of a bone-anchored prosthesis, so it
is possible that the socket prosthesis patients in the cohort studies were not representative
of the general population of socket prosthesis users. It is possible that the socket-related
problems experienced by these patients meant that their outcomes at baseline (before boneanchored prosthesis surgery) were inferior to those of socket prosthesis users in general,
which may have resulted in an overestimation of the influence of bone-anchored prostheses
on the outcomes discussed in our review, especially concerning QoL level, prosthesis wearing
time, mobility level and walking ability. Secondly, only two groups of researchers from two
different countries were represented in the studies included in this review (Sweden and the
Netherlands), although bone-anchored prosthesis surgery is performed in several countries
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(e.g. Sweden, Germany, Australia and the Netherlands). However, the studies of Khemka et
al.54,55 and Schalk et al.56 discussed above revealed studies of additional independent groups
of researchers in the Netherlands and Australia. This resulted in a broader perspective of
the used measurement instruments in evaluation of BAP surgery. Condition-specific QoL
was assessed with the Q-TFA by three groups of researchers, although it was used in slightly
different ways. General QoL was assessed with the SF-36 by two groups of researchers.
Walking ability is assessed by the 6-Minute Walk Test and Timed Up & Go by two groups
of researchers. Lastly, none of the studies included bone-anchored prosthesis users with a
transtibial amputation, although bone-anchored prosthesis surgery is also performed in this
population22,61. Khemka et al.55 discussed a very specific bone-anchored prosthesis transtibial
amputation population with additional total knee replacement, but published peer-reviewed
bone-anchored prostheses studies with functional outcomes in the general population with
a transtibial amputation are lacking.
A strong point of this review is that this is the first systematic review that provides an
overview of the measurement instruments used to evaluate outcomes in terms of QoL,
function, activity and participation level in studies comparing bone-anchored prostheses and
socket prostheses for patients with a lower extremity amputation. Furthermore, the use of
the ICF to structure the used measurements and outcomes of bone-anchored prostheses
surgery is a strength. The high level of agreement between the two reviewers about ratings
of methodological quality is a further strength; there was complete agreement about global
EPHPP scores and a high level of agreement about domain ratings scored.
This review has revealed the lack of consensus about choice of instruments for evaluating
interventions for patients with a lower extremity amputation. Samuelson et al.40 reached a
similar conclusion, noting that fourteen different measurement instruments were used to
evaluate QoL, activity level and participation level across eight studies of the effectiveness
studies of socket prostheses. Deathe et al.62 identified 17 instruments that had been used to
assess the outcome of lower extremity amputation rehabilitation in socket prostheses patients
in terms of function, activity and participation level and further concluded that there was a
lack of good evidence demonstrating their sensitivity. The overlap in instruments considered
in these reviews40,62 and this review is very small, being limited to the SF-3640, Q-TFA40,62 and
Timed Up & Go.62 This shows that there is little agreement about how to evaluate the outcome
of rehabilitation from lower extremity amputation, except with respect to QoL indicators.
This hinders comparison of studies and reduces the generalisability of findings.
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Recommendation for future research
First of all it is important to develop a standard set of evaluation instruments based on the
ICF in order to provide a common method of assessing interventions for patients with a lower
extremity amputation.63 The first steps towards this have already been taken by Kohler et al.64
In our opinion the core set should cover QoL (condition-specific and general); various aspects
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of function level, namely pain (e.g., residual limb and phantom limb), range of motion,
muscle strength (e.g., hip abductor) and gait quality (e.g., use of compensation strategies
in coronal plane); various aspects of activity level, namely walking ability (e.g., 6-Minute
Walk Test and Timed Up & Go), physical activity level in daily life (e.g., accelerometer) and
energy costs (e.g., physiological cost index); and indicators of participation level (e.g. return
to work). Secondly, there is a need for further research into the clinometric properties of the
instruments currently in use.62 Moreover, new instruments should be developed specifically
for use in bone-anchored prostheses users, covering aspects of outcome such as stoma
related problems, residual limb pain as result of reactivating muscles and sensation during
terminal impact in the swing phase during gait as a result of osseoperception. There is also a
need for consensus about the time points at which follow-up assessments should be carried
out so that future data can be subjected to meta-analysis. We suggest that pre-operative
assessment and a one, two, five, ten and twenty year post-operative follow-ups should be
used to capture short- and long-term results. There is also a need for greater understanding
of factors which predict improvements in QoL, function and activity level following boneanchored prosthesis surgery to allow medical professionals and health insurance companies
to predict which patients are likely to benefit from the procedure. A cost effectiveness study
should be carried out to explore whether the combination of QoL improvement presented
in this review and post-surgery costs presented by Haggstrom et al.26 makes bone-anchored
prostheses a more cost effective intervention than socket prostheses for patients with
a transfemoral amputation. The numbers lost to follow-up in the studies included in this
review were low, despite the fact that in 6-11% of participants amputation was due to causes
other than trauma and cancer, for example arterial embolus and infection. This suggests that
the eligibility criteria for receipt of a bone-anchored prosthesis could be broadened, but a
systematic review of evidence on implant survival and infection rates would be needed to
confirm this.
To provide a comprehensive picture of the differences in outcome with bone-anchored
prostheses and socket prostheses it would be necessary for all clinicians and researchers
involved with bone-anchored prostheses surgery and rehabilitation to publish not only their
infection and survival data, but also data on outcome in terms of QoL, function, activity and
participation level at both at short- and long-term follow-ups. It is also important to publish
data on transtibial bone-anchored prosthesis users to facilitate evaluation of the value of
bone-anchored prosthesis surgery for transtibial socket prosthesis users who suffer from
socket-related problems or limited prosthetic use.
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CONCLUSION
This systematic comparison of outcomes with bone-anchored prostheses and socket
prostheses revealed that there is consensus about how to evaluate QoL; however, there is
little consistency in the instruments used to evaluate function, activity and participation level.
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We found limited evidence that in patients with a transfemoral amputation use of a boneanchored prostheses use increased condition-specific and general physical QoL compared
with socket prostheses use, and was associated with higher function and activity.
The findings are of clinical relevance to patients with a lower extremity amputation who are
considering bone-anchored prosthesis surgery, professionals in the surgery and rehabilitation
field and health insurance companies; they should help these groups to make well-informed
choices. The review should also help professionals to choose instruments for the comparative
evaluation of bone-anchored prostheses and socket prostheses and facilitate comparison of
OPRA, EEFP and future implants. Furthermore, we hope that this review will lead to more
research into bone-anchored prostheses use.

2

IMPLICATIONS FOR REHABILITATION
•

•
•

Use of bone-anchored prostheses in combination with intensive outpatient rehabilitation
may improve QoL, function and activity level compared with socket prosthesis use in
patients with a transfemoral amputation and socket related-problems.
All clinicians and researchers involved with bone-anchored prostheses should use and
publish data on QoL, function, activity and participation level.
There needs to be agreement on a standard set of instruments so that interventions for
patients with a lower extremity amputation are assessed consistently.
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APPENDIX 1. SEARCH STRATEGY (16-04-2016)
MEDLINE (accessed by PubMed) => 133 hits:
(Amputation[MeSH] OR Amputees[MeSH] OR Amputation, Traumatic[MeSH] OR Amputation

2

Stumps[MeSH] OR Amput*[Title/Abstract]) AND (osseointegration[MeSH Terms] OR osseointegrat*[Title/
Abstract] OR osseo-integrat*[Title/Abstract] OR bone-anchored prosthe*[Title/Abstract])
Cochrane Central Register of Controlled Trials => 2 hits:
#1

MeSH descriptor: [Osseointegration] explode all trees

#2

osseointegrat*:ti,ab,kw (Word variations have been searched)

#3

“osseo-integrated”:ti,ab,kw (Word variations have been searched)

#4

“osseo-integrate”:ti,ab,kw (Word variations have been searched)

#5

“osseo-integrat”:ti,ab,kw (Word variations have been searched)

#6

“osseo-integration”:ti,ab,kw (Word variations have been searched)

#7

“bone-anchored prostheses”:ti,ab,kw (Word variations have been searched)

#8

“bone-anchored prosthesis”:ti,ab,kw (Word variations have been searched)

#9

“bone-anchored prosthetics”:ti,ab,kw (Word variations have been searched)

#10

MeSH descriptor: [Amputation] explode all trees

#11

MeSH descriptor: [Amputation Stumps] explode all trees

#12

MeSH descriptor: [Amputation, Traumatic] explode all trees

#13

ampu*:ti,ab,kw (Word variations have been searched)

#14

MeSH descriptor: [Amputees] explode all trees

#15

(#1 or #2 or #3 or #4 or #5 or #6 or #7 or #8 or #9) and (#10 or #11 or #12 or #13 or #14)

Embase (accessed by EBSCO) => 148 hits:
‘prosthesis implantation’/exp OR osseointegrat*:ab,ti OR ‘osseo-integrated’:ab,ti OR ‘osseointegrate’:ab,ti OR ‘osseo-integrat’:ab,ti OR ‘osseo-integration’:ab,ti OR ‘bone-anchored prostheses’:ab,ti
OR ‘bone-anchored prosthesis’:ab,ti OR ‘bone-anchored prosthetics’:ab,ti AND (‘amputation’/exp OR
amput*:ab,ti OR ‘disabled person’/exp OR ‘disabled person’:ab,ti)
CINAHL => 43 hits:
( (MH “Amputation+”) OR (MH “Amputation, Traumatic”) OR (MH “Amputees”) OR (TI amput*) OR (AB
amput*) ) AND ( (TI osseointegrat* ) OR (AB osseointegrat* ) OR (TI “osseo-integrat*”) OR (AB “osseointegrat*”) OR (TI “bone-anchored prosthe*”) OR (AB “bone-anchored prosthe*”) )
Web of Science => 143 hits:
TOPIC: (osseointegrat* OR osseo-integrat* OR bone-anchored prosthe*) AND TOPIC: (amput*)
Total: 469 hits
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66

- Fundamental research

n = 49

- Not conducted in patients using a bone-anchored percutaneous amputation prostheses

n = 11

No quantitative study

Other (e.g. rehab program, surgery techniques)

Conference abstract, letter to the editor, textbook, article for educational purposes, case report or case series

n=1

n=3

n=9

- Other (e.g. cost of treatment, clinometric)

n=1

Non English, Dutch or German language

- Fundamental research (e.g. muscles activity, load, vibration transmission, radiologic)

n = 13

n=2

- Survival implant and/or infection rate

n=3

No quality of life, function, activity or participation level outcome measures were used:

- Not conducted in patients with a lower extremity amputation (e.g. upper extremity, face, orthopedic (tumour, hip, knee), healthy)

n = 66

Inappropriate patient population:

- Animal research

n = 32

Not conducted in human:

Reasons for exclusion of the title/abstract reviewed articles.

APPENDIX 2. EXCLUDED ARTICLES
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ABSTRACT
Background
In patients with a transfemoral amputation socket-related problems are associated with
reduced prosthetic use, activity, and quality of life. Furthermore, gait asymmetries are
present that may explain secondary complaints. Bone-anchored prostheses (BAPs) may help
these patients. Two types of BAP are available, screw and press-fit implants. Rehabilitation
following surgery for a press-fit BAP is poorly described.

3

Purpose
To describe a rehabilitation programme designed to minimise compensation strategies
and increase activity using a case-report of an active, 70-year-old man with a traumatic
transfemoral amputation who had used a socket prosthesis for 52 years and received a pressfit BAP [Endo-Exo Femoral Prosthesis - EEFP].

Intervention
A 13-week physiotherapy programme.

Outcomes
Outcomes were assessed before surgery, at the end of rehabilitation, and six-month and oneyear follow-ups. After rehabilitation gait had improved, the patient had more arm movement,
more pelvic shift, less hip rotation during swing phase on the prosthetic side, and absence
of vaulting on the sound side. Isometric hip abductor strength was 15% higher on the sound
side and 16% higher on the prosthetic side, and walking distance increased from 200 m to
1500 m. At the six-month follow-up, the patient had lower back complications and reduced
hip abductor strength and walking distance. At one-year follow-up, walking distance had
recovered to 1000 m and gait pattern had improved again, with yielding and absence of
terminal impact on the prosthetic side.

Conclusion
The described rehabilitation programme may be an effective method of improving gait in
patients with an EEFP even after long-term socket usage.
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INTRODUCTION
The incidence of lower extremity amputation in the Netherlands is 18 to 20 per 100,000;
90-94% of lower extremity amputations are due to vascular disease, 3% to trauma and 3%
to tumour resection.1 Approximately 86% of patients are fitted with a socket prosthesis (SP)
after amputation.1 The most important reasons for not fitting a SP are poor general health,
oncological complications, and stump and wound healing problems.2 Between 34% and 63%
of patients with a SP have chronic skin problems and pain associated with the socket.3-7 These
skin problems often seriously limit use of the prosthesis and, hence, activity level and quality
of life (QoL).3,5,8-10
A further problem is that during gait, pelvic and thoracic angular ranges of motion (ROMs)
are higher for patients with a lower extremity amputation than in able-bodied persons.11
Often ipsilateral lateral flexion of the trunk over the stance limb, combined with a passive
contralateral pelvic tilt (pelvic hike), is used to prevent the contralateral pelvic drop caused
by hip abductor insufficiency.12-15 The lateral displacement of the body centre of gravity (CG)
in the frontal plane, referred to as the pelvic shift movement, also tends to be absent.13-15
Gait symmetry is variable; for example, higher amputations are associated with larger gait
asymmetries of the pelvis and trunk motion.11,12,16 Although some patients achieve a more
symmetrical gait, with smaller thoracic ROM and a more stable pelvis during the stance
phase, the gait asymmetries are still more evident than in able-bodied persons.13,16 Moreover,
compared with able-bodied persons, SP users have reduced outdoor walking distances, lower
walking velocity, and shorter stance phase; the energy costs of walking are also higher in
these patients.11,14,17,18 The changes in gait may account for lower back pain (LBP) and pain in
other regions such as the stump, sound side, buttocks, hips and neck and shoulder.19
One treatment option for SP users with socket-related problems is to attach the prosthesis
to the skeleton transcutaneously by osseointegration using an intramedullary femoral
implant.20 At present, there are two types of implant suitable for bone-anchored prostheses
(BAPs): the Osseointegrated Prosthesis for the Rehabilitation of Amputees (OPRA) and the
Endo-Exo Femoral Prosthesis (EEFP).20-23 Both are intramedullary implants, but the OPRA
is a titanium screw and the EEFP a cobalt-chrome press-fit fixation.20-22 The patient with
a transfemoral amputation whose case is reported here received an EEFP, also known as
an Integral Leg Prosthesis (AQ Implants GmbH).8 The surgical procedure for fitting an EEFP
consists of two steps.24 First, a cementless intramedullary femur prosthesis with a spongiosa
metal-configured relief surface is inserted, and the skin is closed. Six weeks later, a soft tissue
stoma is created, and the transcutaneous osseointegration prosthesis unit is bolted into the
implant.24 Improved gait quality represents one potential advantage of a BAP over a SP.25-27 A
comparison of BAP and SP users found that BAP users had a greater hip ROM during use of
the prosthesis.26 Another study reported that BAP use increased hip extension and decreased
anterior pelvic tilt compared to SP use, although gait still differed from that of able-bodied
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persons.27 Cadence, duration of the gait cycle, and duration of the support phase of BAP
users are also more similar to those of able-bodied persons than of SP users.25 A further
advantage of BAP is the improved sensory feedback, known as osseoperception, resulting
from the direct link between the prosthesis and skeletal system.20,24,28,29 OPRA rehabilitation
has been extensively described, but there are few descriptions of rehabilitation for patients
with EEFP in the peer-reviewed literature.8,24,30
The aim of this case report was to describe the use of an EEFP protocol and gait training
programme designed to decrease use of compensation strategies and increase activity level.
We report a case of a 70-year-old man with a transfemoral amputation who received an EEFP
after having used an SP for 52 years. Rehabilitation following EEFP surgery was in accordance
with the Radboud university medical centre rehabilitation protocol (Radboudumc Amputation
protocol EEFP; RAp-EEFP).

3

CASE DESCRIPTION
A 70-year-old man (1.78 m and 81.0 kg without prosthesis) who had undergone a rightside traumatic transfemoral amputation at 18 years was referred to the outpatient clinic
with socket-related folliculitis at the proximal socket edge and ischial tuberosity lesions. A
rehabilitation physician and trauma surgeon recommended EEFP.8 The patient had a history
of several transient ischaemic attacks, cardiac arrhythmia, and a cerebral vascular accident
that resulted in temporary problems with memory, taste, and balance that had resolved by
the time of admission. The patient had full ROM in the hip joint, the hybrid SP was functioning
well, and it could be used all day despite the socket-related problems; however, walking
distance was short (200 m). The patient was able to walk unaided on flat, uneven, and
steep surfaces and could climb stairs. During the previous five years the prosthesis had been
modified three times in an attempt to reduce skin problems.
The patient was referred to the physical therapist for a pre-operative baseline assessment
of functioning using his SP. The patient’s primary rehabilitation aim was to be able to walk
with reduced use of compensatory strategies during common daily activities. A secondary
goal was to be able to cycle. Surgery was performed according to protocol.8 Between the
second surgery and commencement of rehabilitation, a three-day hospital admission was
necessary due to distal inflammation of the stump, which was treated with antibiotics and
wound lavage.

PRE-OPERATIVE EXAMINATION
See Table 1 for the findings.
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Gait pattern
Gait was recorded on video, displayed using Dartfish® software, and analysed using a
modification of the Gait Analysis List Nijmegen (GALN) referred to as the Gait Analysis
List Amputation Nijmegen (GALAN); see Appendix 1.31 During walking, the patient walked
with less ipsilateral than contralateral arm movement. During the stance phase there was
ipsilateral lateral flexion of the trunk, lack of pelvic shift, passive pelvic hike, and absence of
yielding on the prosthetic side. During the early swing phase, there was internal rotation of
the hip and a rapid forward movement of the lower leg resulting in over-forced full extension
of the knee during the late swing phase (hard terminal impact) on the prosthetic side. On the
sound, side the patient showed vaulting in the mid stance phase and an increased plantar
flexion in the early stance phase. Investigation of the cause of the increased plantar flexion
was deferred until the start of post-surgery rehabilitation.

3

Hip abductor strength
Eccentric maximal strength was measured using a handheld dynamometer (HHD; Hogan
microFET2TM). The patient was tested in a supine position. The HHD was placed 15 cm distal
from the greater trochanter and a ‘break’-test was used (Appendix 2). The HHD has good
intra- and inter-rater reliability and good validity.32 Maximal hip abductor force was lower on
the prosthetic side than the sound side (Table 1).

Walking distance
Self-reported walking distance in everyday life (Table 1) was measured using the question:
‘How far can you walk in one go in everyday life?’.

POST-OPERATIVE EXAMINATION
At the start of rehabilitation, the wound showed no signs of inflammation and pain was zero
(self-report using an eleven-point (0-10) Likert scale). On the sound side, there was crural
hypoesthesia and reduced in strength in both dorsal and plantar flexion, four on the fivepoint Medical Research Council (MRC) scale. Measurement of ankle ROM using a standard
goniometer (Mathys) demonstrated 10° deficit in dorsiflexion to the neutral (0°) position. The
patient was fitted with a modified shoe to correct the dorsal flexion deficit.
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55
42
20

- P circumference

- D circumference

- Length

PCS (0-10)

ISO Stump characteristics (centimetres)

Prosthesis Comfort Score ;ISO: International Organization for Standardization35 P: proximal; D: distal; LBP: Lower Back Pain; Prosthesis parts: K-level (scale 0-4) and type part/manufacturer

SIGAM WAP: Special Interest Group in Amputation Medicine Workgroup Amputation and Prosthetics33; Q-TFA: Questionnaire for patients with a transfemoral amputation34; PCS:

K3-4: C-Leg (Otto Bock)

K1-2: Multiflex (Endolite) K2-3: 1C30 Trias (Otto Bock) K2-3: 1C30 Trias (Otto Bock) K2-3: 1C30 Trias (Otto Bock)

K3-4: 3R92 (Otto Bock)

Not relevant

No

23

18

45

61

9

75

F

No

17

90

1000

244.2

233.5

One-year follow-up

- Foot

K3-4: 3R92 (Otto Bock)

Not relevant

Sporadically

23

18

42

58

8

58

E

Yes (2 crutches)

17

88

100

239.6

240.3

Six-month follow-up

K3-4: 3R92 (Otto Bock)

Not relevant

No

21

17

41.5

62

9

75

F

No

17

90

1500

284.2

320.7

End of rehabilitation

- Knee

Hybrid socket

50

Q-TFA global score (0-100)

Prosthesis parts: - Socket

E

SIGAM WAP mobility scale (A-F)

Sporadically

No

Use of walking aid in everyday life

LBP (no / sporadically / yes)

16

Prosthesis wearing time (hours a day)

25

92

Cadence (strides per minute)

Length of the residuum as a percentage of sound side length

200

Maximum walking distance in everyday life (metres)

245.1

278.0

Hip abductor strength (Newtons): - Sound side

- Prosthetic side

Pre-operative

Table 1. Prosthesis characteristics and quantitative outcomes

Measurement
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INTERVENTION
The RAp-EEFP focuses on improving hip abductor strength, core stability, and gait quality.
The clinical rationale for the protocol is presented in Figure 1. Figure 2 summarises the
rehabilitation schedule; however, progress depends on the patient’s pain and how long it
takes before he or she can execute the tasks correctly. The standard rehabilitation schedule is
indicated in grey in Table 2, and the patient’s progress is indicated with crosses. The patient
trained under the supervision of an experienced physical therapist for two hours twice weekly
and independently five times a week.

3

Figure 1. Flowchart showing clinical reasoning

Figure 2. Timeframe of the measurements and the interventions
T: follow-up moment.
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Table 2. Radboudumc Amputation rehabilitation protocol for Endo-Exo Femoral Prosthesis;
Supervised training sessions:

1

2

3

4

5

6

7

8

9

1) Symmetric posture training

x1

x

x

x

2) Pelvic shift

x

x

x

3

x4

3) Active pelvic tilt

x1

x2

x3

x4

x

2

x

3

x4

x

x

x

1) Hip mobility/strength and core stability

x

x

x

2) Using the click-safety adapter

x

x

3) Symmetric posture training

x

x

4) Pelvic shift

x

x

x

x

x

x

x

x

5) Active pelvic tilt

x

x

x

x

x

6) Entire stance phase

x

x

x

x

x

x

x

x

8) Gait training between bars

x

x

9) Gait training with 2 crutches in 3-point gait

x

Phase 1 (short prosthesis):

3

1

4) Entire stance phase
5) Hip mobility/strength and core stability

x

2

6) Fall and rise up strategies

x

7) Pendulum exercises

x

Phase 2 (full length prosthesis):

7) Swing phase

10) Gait training with 2 crutches in 2-point gait
11) Gait training with 2 canes in 2-point gait
12) Gait training without walking aids
13) Stair climbing
14) Gait training with at different velocities
15) Gait training on uneven surfaces
16) Several gait forms: sideways, backwards,
stopping, turning, slalom
17) Gait training on slopes
18) Fall and rise up strategies
19) Gait training with obstacles
20) Gait training and skills with dual tasks
21) Circuit training
22) Cycling
23) Pendulum exercises

x

x

24) Cycling on a stationary bike

x

x

: maximum of 40kg; 2: maximum of 60kg; 3: maximum of 75 kg; 4: maximum of 81kg

1

= General rehabilitation timetable; x = Patient’s actual progress
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13 week rehabilitation programme
10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

3

x

x

x

x

x

x

x

x

x
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Phase 1: pre-prosthesis phase
The pre-prosthesis phase of intervention started two weeks after surgery. It was designed
as a practical home-based programme of partial axial load bearing on the short prosthesis
using standard bathroom scales (Soehnle Form). Axial load training was based on the OPRA
protocol.29,30 Initially, rehabilitation consisted of two 30-minute sessions, increasing to three
1-hour sessions with full weight bearing; load and exact exercise time were dependent on
stump pain. To prevent overload pain had to be less than five on the eleven-point (0-10)
Numerical Rating Scale (NRS). Because the load on the EEFP can be increased more quickly,
this phase of rehabilitation is shorter than described in the OPRA protocol; full body weight
bearing can be achieved in two weeks.24
To encourage a normal pattern of axial load during gait, pelvic shift and hip abductor
activation (tilt) were trained during the mid stance phase using standard bathroom scales.12,14,15
Thereafter, training consisted of practicing the early and late stance phases.
In phase 1 and 2 hip mobility, hip strength and core stability were trained functionally
once daily. Hip strength was trained with an elastic resistance band, starting with two sets
of 10 repetitions using a resistance that produced muscle fatigue. In the case reported
here, the patient started exercising with a blue (extra heavy; 3.2 kg) resistance band from
TheraBand®. The number of repetitions was gradually increased to four sets of 20 and then
increased further by changing the resistance band.36 Because strength training depended
on the number of repetitions required to produce muscle fatigue it was easy to adjust the
programme to a more aggressive exercise programme.36 Core stability was trained using corespecific floor exercises (Appendix 3).37

3

Phase 2: prosthesis phase
The prosthesis phase started four weeks after the second surgical procedure when the
prosthesis was attached to the transcutaneous unit using a click-safety adapter (OTN).8
Alignment of the prosthesis was performed with LASAR® (Otto Bock). The patient’s personal
prosthesis parts were used in this phase (Table 1). The prosthesis was aligned to provide a
narrow support base in the frontal plane in order to reduce the amount of pelvic shift needed
during the stance phase.15 During phase 2, the original Multiflex (Endolite) prosthetic foot
was changed to a 1C30 Trias (Otto Bock) because the original did not function well in the
early stance phase.
The intensity and load criteria for training in phase 2 were similar to those for phase 1.
Initially, gait training was performed using parallel bars and the same load bearing as has
been performed with the short prosthesis in phase 1. When the patient could perform
these exercises correctly he progressed to swing phase exercises and walking between the
bars. When the gait pattern was acceptable, crutches were introduced and the patient was
instructed to use the prosthesis in everyday life. Weight bearing was increased depending
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on pain (NRS < 5), and the patient was given feedback based on the video analysis of his
gait pattern. The patient was advised to do pendulum exercises or to cycle on a stationary
bike without any load when suffering from muscle tension or stump pain.38,39 The patient
practiced at different walking velocities and walking on uneven surfaces. When the patient
demonstrated acceptable two-point gait with two canes, he progressed to unaided gait
training, and more complex gait skills such as slope walking, negotiating obstacles, and dual
tasks were introduced. At the end of phase 2, the patient practised cycling using a bike with
a low entry with his prosthetic foot fixed to the pedal. Rehabilitation was finished when the
patient was able to walk without crutches, to perform complex gait, to climb stairs with
acceptable gait quality and to ride a bike; this point was reached after 12 weeks of supervised
training. The patient’s training diary showed that prosthesis wearing time increased
progressively from the start of phase 2.

3

Phase 3: advanced prosthesis phase
Patients with BAPs may receive advanced prosthesis training if they have specific workrelated problems or receive new prosthetic parts, especially new micro-processed prosthetic
knees. Our patient received a C-leg knee (Otto Bock) seven months after his second surgery.
Following this, he had three training sessions with the prosthetist and the physiotherapist
to adjust the alignment of the prosthesis and for gait re-education. At the six-month followup, he reported LBP from degenerative disc disease in the 4th and 5th lumbar vertebrae.
This was treated with an epidural steroid injection ten months after the second surgery; and
thereafter, the LBP diminished and he was able to carry out strength and gait training at home
as intensively as before the period of LBP.

OUTCOMES
Assessments were carried out at the pre-operative examination, at the end of rehabilitation,
and six-month and one-year follow-ups. The primary outcomes were gait quality (assessed
with the GALAN), hip abductor strength (assessed with a HHD) and self-reported maximum
continuous walking distance (in meters). Secondary outcomes were cadence, prosthesis
wearing time, use of a walking aid in everyday life, Special Interest Group in Amputee
Medicine Workgroup Amputation and Prosthetics (SIGAM WAP) mobility scale score33,
questionnaire for patients with a transfemoral amputation (Q-TFA) global score34, Prosthesis
Comfort Score (PCS), ISO stump characteristics35 and LBP. The PCS is an indicator developed
specifically for this case. It is a modification of the Socket Comfort Score40, the patient was
asked ‘How satisfied are you with your current prosthesis on a scale of 0 to 10, where 0
means ’not satisfied at all’ and 10 means ‘extremely satisfied’?’.
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The patient was asked to record prosthesis wearing time, level of stump pain, and location
of pain during exercising in a paper diary throughout phases 1 and 2 of his rehabilitation, to
provide an indication of the intensity of home training. The patient was advised to use pain
medication as necessary in order to maintain a pain score of less than five during exercising
and to record the dosage used at the end of each day. The diary was checked at every
supervised training session and a summary of the contents is presented in Appendix 4.
Gait analysis was performed more frequently in order to monitor progress (i.e. in weeks 5,
7, 8, 9 and 12 of rehabilitation).

3

Primary outcomes
Prosthetic parts varied over the course of the assessment period; the used parts are noted
in Table 1.
Gait pattern
The GALAN score indicated that gait improved relative to the pre-operative assessment at
the end of rehabilitation and the six-month and one-year follow-ups in terms of more arm
movement, more pelvic shift, less hip rotation during the swing phase on the prosthetic side,
and absence of vaulting at the sound side. At the one-year follow-up, which was after receipt
of the C-Leg knee (Otto Bock), the GALAN score had improved by an additional two points,
representing the presence of yielding during the early stance phase and the absence of hard
knee extension during the late swing phase. No change of plantar flexion of the ankle on the
sound side was detected during the one-year follow-up period.
Hip abductor strength
Maximal eccentric strength was higher on both sides after rehabilitation than at the preoperative assessment, but had reduced to below pre-operative levels at six-month and oneyear follow-ups (Table 1).
Walking distance
Self-reported walking distance in everyday life improved over time, but the score at the sixmonth follow-up was lower, presumably owing to the patient’s LBP; following treatment,
walking distance increased again.

Secondary outcomes
Cadence did not change substantially over time (Table 1). Prosthesis wearing time increased
with one hour a day. The SIGAM WAP mobility score showed that the patient was most active
at the end of rehabilitation and one year after surgery. At the end of rehabilitation and one
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year after surgery, the Q-TFA global score and PCS were 25 points and three points higher,
respectively, compared to the pre-operative assessment. Gains were smaller at the six-month
follow-up. The ISO stump characteristics indicated that the stump was shorter and thicker
relative to the pre-operative assessment at the end of rehabilitation and the six-month and
one-year follow-ups.

3

DISCUSSION
Chronic compensatory gait strategies, hip abductor strength, and walking distance all
improved after rehabilitation; the improvements in gait and walking distance were maintained
at the one-year follow-up. Outcomes were worse at the six-month follow-up presumably due
to severe LBP the patient suffered as a result of lumbar degenerative disc disease.
As expected, the sound side was stronger than the prosthetic side both pre-operatively
and after rehabilitation; however, there was a response to training on both sides, which is
consistent with previous reports.17,41,42 The bilateral increase in strength is consistent with
the improvement in gait pattern and supports the hypothesis that poor gait may be due to
hip abductor insufficiency on the prosthetic side.14,16 Moving from a SP to an EEFP may have
improved gait pattern because of the beneficial effects on hip and pelvic motion, muscle
force transmission, and osseoperception.24,27 Previous studies also noted an increase in Q-TFA
global score after converting from SP to BAP.8,21,43,44 The magnitude of the increase in this
case (25 points) is in line with another one-year follow-up of patients with press-fit BAPs.8
In our patient, the improvement was evident at the end of rehabilitation training and was
also evident at the one-year follow-up, although there was a dip around the time of the sixmonth follow-up which can be attributed to severe LBP caused by degenerative disc disease.
This is important because it suggests that with this protocol there are improvements of QoL
by the end of formal rehabilitation. Studies of patients who received screw BAPs reported
greater improvements in Q-TFA global score one year (37 points) and two years (37-39
points) after surgery; however, in these cases, baseline scores (36-38 points) were lower
than in our patient (50 points).21,43,44 Reported prosthesis wearing time was slightly higher
after EEFP rehabilitation than at the pre-operative assessment, but there was a greater
improvement in maximum walking distance to which the lack of socket-related skin problems
may have contributed. It was obvious in this case that walking distance was also influenced
by LBP (absent at the end of rehabilitation, present at the six-month follow-up, and absent
at one-year follow-up). The increased PCS and Q-TFA global score confirmed that the patient
experienced less problems with the prosthesis and increased QoL. In our opinion, the
decrease in experienced prosthesis problems was clinically relevant because this suggested a
further improvement in functioning with the prosthesis over time.
To our knowledge, this is the first report to describe a physical therapy intervention for
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a patient with BAP that focused on gait quality. Some studies have reported changes in gait
following replacement of a SP with a BAP, but the results are mixed. Hagberg et al.30 concluded
that patients should be aware that their gait pattern might not change significantly, whereas
Tranberg et al.27 concluded that gait pattern improved significantly with respect to the typical
socket-related gait abnormalities, namely reduced hip extension and increased anterior
pelvic tilt. We suggest that good gait pattern is essential to the prevention of secondary
complaints in patients with an amputation, especially in patients whose amputation was due
to a nonvascular cause, who are more likely to be young and still active and productive.19,27,45
The RAp-EEFP was designed for patients with a press-fit BAP, but the programme includes
elements such as muscle strength training and gait re-education that are also suitable
for patients with a SP as it is important to adjust the typical biomechanical patterns used
by SP users.13 The patient’s personal prosthesis parts were used throughout phase 2 of
rehabilitation. We hypothesise that changes in prosthetic parts may lead to changes in
alignment, and thus influence gait strategies. Lee et al.46 concluded that common activities
of everyday life also require different gait strategies to control the prosthetic knee joint. This
implies that exchanging parts in the first weeks of phase 2 should be avoided because it is
likely to disrupt gait re-education.
One limitation of this case report is that the psychometric properties of the GALAN, which
was used to measure gait quality, and the HHD procedure used to measure hip abductor
strength are not known and no reference data are available. The reliability of the GALAN
and the strength test are now in preparation. The gold-standard gait analysis instrument,
Vicon®, and strength measurement tools such as Biodex® are reliable and valid, but they
are not suitable for use in routine clinical practice.47 This case report demonstrates that the
GALAN is not sensitive to subtle differences in gait that can be detected with laboratory tests.
The GALAN characterises gait in terms of the presence or the absence of the most common
gait strategies; it does not provide a continuous measure of deviation from the norm. In
our opinion, it is especially important to be able to track the patient’s progress during the
rehabilitation process. Using an accelerometer in combination with an instrument that
measures temporal parameters of gait, such as a transducer or GAITRite®, might provide more
precise information about deviation.25,48,49 A transducer would also provide more insight into
dynamic forces and moments on the prosthetic limb, and load bearing in early rehabilitation
could be monitored more accurately than with bathroom scales.50-53 The Microsoft Kinect®
also has promise as a clinical tool for measuring gait deviations.54
Maximal strength test was assessed in the supine position, a gravity neutralised position,
to prevent bias due to different weight of the residual and sound limb; however, because
force was applied with a HHD, the patient not only had to compete with the therapist but
also had to stop himself from sliding along the table. The strength of the therapist might
also affect the results owing to the short lever arm, because this demands more force of the
examiner to overcome force production capacity of the patient.55 However, in this case, all
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measurements were made by the same experienced therapist using a standardised protocol
to reduce bias. Walking distance in everyday life was self-reported and therefore potentially
biased.
The use of a patient diary is a strength of this case report as it allowed us to track changes
in prosthesis wearing time, training intensity, and problems (i.e. pain) executing scheduled
training. In the first week of phase 2, the pain was located in the greater trochanter area;
thereafter, the pain was mainly located at the distal side of the stump. The diary also showed
that pain increased when the patient started walking between bars but diminished with
training. By using pain medication the patient was generally able to maintain a pain score
of less than five. The value of this case report is that it provides a detailed description of the
EEFP protocol and demonstrates that gait quality could be improved even in this patient who
was a long-term SP user.
A randomised controlled trial is needed to evaluate the added value of rehabilitation
programmes that focus on gait quality. Further, research is also needed to develop clinically
usable tools for assessing gait quality and hip abductor strength in patients with a lower
extremity amputation.

3

CONCLUSION
The patient showed clinically important improvements in gait pattern and hip abductor
strength after a 12-week rehabilitation programme following EEFP surgery relative to his preoperative performance when using an SP.
This case report shows that gait quality is important in addition to outcomes of activity
level.
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Name patient: :……..……………………………

Date assessment…………./…………./………….

yes/no

yes/no

Early

yes/no

yes/no

Late

SWING PHASE

APPENDIX 1. GAIT ANALYSIS LIST AMPUTATION NIJMEGEN (GALAN)
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yes/no

yes/no

yes/no

yes/no

yes/no

yes/no

yes/no

yes/no

yes/no

yes/no

yes/no

yes/no

yes/no

yes/no

yes/no

yes/no

Priority

16

14

S

S

13

F

15

12

F

S

11

S

10

S

Is there increased plantar flexion?

Is there increased dorsal flexion?

Is there vaulting?

Is there a varus/valgus movement?

Is there rotational deviation?

Is there extension devation?

Is yielding absent?

Is there uncontrolled flexion?

yes/no

Right

yes/no

Right

yes/no

yes/no

Left

Left

yes/no

Right

yes/no

yes/no

Left

Right

yes/no

Right

yes/no

yes/no

Left

Left

yes/no

yes/no

Right

Right

yes/no

Left

yes/no

yes/no

Right

Left

yes/no

Left

yes/no

yes/no

yes/no

yes/no

yes/no

yes/no

yes/no

yes/no

yes/no

yes/no

yes/no

yes/no

yes/no

yes/no

yes/no

yes/no

yes/no

yes/no

“priority” column.

If an item is present (“yes” response) and the item is one of the key factors for the disturbed gait pattern, the item has to be scored with a “yes” in the

as absent (“no”).

If an item is intermittently evident it should be scored as present (“yes” response); if the rater is unsure whether the item is present it should be scored

Instructions:

=Not applicable, S= Sagittal plane, F= Frontal plane

Ankle

Knee

9

S
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APPENDIX 2. MODIFIED MAXIMAL HIP ABDUCTOR
STRENGTH TEST
The patient should be supine with the spine and legs in neutral position (feet shoulder-width
apart and foot pointing at the ceiling). The treatment table should be covered with a mat to
prevent sliding. The therapist applies force at a point 15-cm distal to the most distal aspect
of the greater trochanter using a handheld dynamometer (Hogan microFET2TM) (Figure 1).
The patient is instructed to resist the force and maintain a neutral position. The force is
gradually increased to the point where the patient is not able to maintain the neutral position
(break-test). This marks the end of the procedure, and the force at break point is noted. The
procedure is repeated twice more with the same leg. After this the other leg is tested. There
should be no rests between trials. The score for a given leg is the highest break point force
recorded for that leg.
The HHD we used in this study measured ‘force’ in pounds (lbs); values were converted
into Newtons by multiplying by 4.448.

3

Figure 1. Assessment set-up
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APPENDIX 3. CORE STABILITY EXERCISE
Exercise 1: Front planks
•

Hold this posture …….seconds

•

Do …….repetitions

•

To decrease load:

•

•

Support oneself on elbows

•

Support oneself on knees (using the prosthesis)

3

To Increase load:
•

Execute a push up

Exercise 2: Airplaning
•

Hold this posture …….seconds, then switch sides

•

Do …….repetitions

•

To decrease load:

•

To increase load:

•

Stretch either arm or leg (i.e. use 3 points of support)

•

Use a dumbbell

•

Use a second person to generate balance

disturbances

Exercise 3: Gluteal bridging (1 leg)
•

Make a bridge by pushing the leg into the cushion
(buttocks off the floor)

•

Hold this posture …….seconds

•

Do …….repetitions, then switch side

•

To decrease load:

•

•

Do not lift the buttocks maximum range of motion

•

Do the exercise using both legs to lift

To increase load:
•

Do not touch the ground at the return movement

•

Stretch the contralateral leg
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Exercise 4: Side planks
•

Make a bridge by pushing the leg into the cushion
(underlying hip off the floor)

3

•

Make sure that the upper and lower body are in line

•

Hold this posture …….seconds

•

Do …….repetitions, then switch side

•

To decrease load:

•

To increase load:

•

Do not lift the hip maximum range of motion

•

Do not touch the ground at the return movement

•

Do not hold the legs together during the exercise

Exercise 5: Crunch
•

Execute a crunch

•

Make …….repetitions

•

To decrease load:
•

•

Execute a crunch with smaller range of motion

To increase load:
•

Do not touch the ground during the return

movement
•

Variations:
•

Reverse crunch (legs off the floor, execute an

posterior pelvic tilt)
•

92

Bicycle crunch
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APPENDIX 4. GRAPHICAL SUMMARY OF THE
PATIENT’S REHABILITATION DIARY

3

Figure a. Stance and gait training
Exercise time in minutes a day

Figure b. Strength training
Exercise time in minutes a day
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3

Figure c. Pain
NRS: Numerical Rating Scale

Figure d. Use of pain medication
Total units per day of paracetamol (500mg), Lyrica (75mg), Oxycodon (10mg), Oxycodon
(5mg) or Arthrotec (50mg). Choice of medication was depended on the cause and type of
pain.
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ABSTRACT
Background
Persons with transfemoral amputation typically have severe muscle atrophy of the residual
limb. The effect of bone-anchored prosthesis use on existing muscle atrophy is unknown.
A potentially feasible method to evaluate this is magnetic resonance imaging (MRI)-based
three-dimensional (3D) muscle reconstruction. We aimed to: a) examine the feasibility of MRIbased 3D muscle reconstruction technique in a person with a cobalt–chrome–molybdenum
transfemoral bone-anchored prosthesis and b) describe the change of hip abductor muscle
volume over time.

4

Methods
In this single case, one-year follow-up study we reconstructed the 3D hip abductor muscle
volumes semiautomatically from MRI scans at baseline, six- and twelve-month follow-up.
The number of adverse events, difficulties in data analysis, time investment and participants’
burden determined the level of feasibility.

Results
We included a man (70y) with a transfemoral amputation who received a bone-anchored
prosthesis after 52 years of socket prosthesis use. No adverse events occurred. The accuracy
of the 3D reconstruction was potentially reduced by severe adipose tissue interposition.
Data analysis was time-intensive (115 hours). Participants’ burden was limited to 3-hour time
investment. Compared to baseline, the total hip abductor volume of both the residual limb
(six-month: 5.5%; twelve-month: 7.4%) and sound limb (six-month: 7.8%; twelve-month:
5.5%) increased.

Conclusion
The presented technique appears feasible to follow muscle volume changes over time in a
person with a cobalt–chrome–molybdenum transfemoral bone-anchored prosthesis in an
experimental setting. Future research should focus on analysis of muscle tissue composition
and the feasibility in bone-anchored prostheses of other alloys.
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INTRODUCTION
Hip abductor muscle strength is lower in the residual limb in persons with a transfemoral
amputation compared to the sound side and to healthy subjects.1-3 Muscle strength weakness
of the thigh is associated with the presence of muscle atrophy.4,5 Muscle atrophy is present in
the residual limb, and can be as high as 73%, despite the almost continuous activation of the
hip muscles during gait, which presumably is needed to stabilise the stump in the socket and
to stabilise the pelvis.6-9 Muscle tissue composition changes as a result of the amputation,
as cleaved muscles that are not fixed retract and degenerate into adipose tissue.6 Inferior
and asymmetric muscle strength and high levels of muscle atrophy are associated with an
asymmetric gait pattern, such as increased trunk lateral bending toward the prosthetic side
and an unstable pelvis during stance.6,8,10-13 The current method for the attachment of a
prosthesis after a transfemoral amputation is using a prosthetic socket. The socket attachment
is, however, associated with chronic skin problems and residual limb pain.14 These socketrelated problems can lead to limited prosthetic use and decreased Health-Related Quality of
Life (HRQoL).15
Bone-anchored prosthetics is a promising method to attach the prosthesis directly
to the human skeleton, which can be a solution for persons suffering from socket-related
problems.16 It has been shown that the use of bone-anchored prostheses is associated
with increased prosthetic use, a higher activity level and a better HRQoL relative to socket
attached prostheses.17 In contrast to the socket attachment, which can be used for passive
stabilisation during the stance phase of gait, persons with bone-anchored prostheses are
forced to stabilise their residual limb and pelvis solely by means of their residual limb muscles.
Persons with bone-anchored prostheses present more physiological muscle activity in the
residual limb, and better hip and pelvic kinematics compared to persons with socket attached
prostheses.18,19 These benefits, combined with the absence of external compression on the
residual limb muscles may, in theory, result in preservation of muscle volumes, muscle tissue
composition and a more symmetric gait pattern.
To date, there has been no evaluation of muscle volumes or muscle tissue composition
in persons with a bone-anchored prosthesis. It is unknown whether the muscle changes,
caused by wearing a socket prosthesis, are reversed by using a bone-anchored prosthesis.
To study this, repeated three-dimensional (3D) muscle reconstruction based on magnetic
resonance imaging (MRI) can be utilized in persons after implantation of a bone-anchored
prosthesis. Jaegers et al.6 used this volumetric measurement technique successfully despite
the changed geometry of some muscles and the presence of transected muscles in a
cross-sectional study including persons with a transfemoral amputation who used a socket
attached prosthesis. It is unknown whether this procedure is applicable in persons with a
bone-anchored prosthesis since metal implants can cause artefacts that may hinder exact
evaluation of muscle measurements.20

4
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In this single case, one-year follow-up study with repeated measures we used an MRIbased 3D muscle reconstruction technique to evaluate hip abductor muscle volume in
a person after receiving a transfemoral cobalt–chrome–molybdenum bone-anchored
prosthesis. The primary aim of this study was to examine the feasibility of an MRI-based
3D muscle reconstruction technique. Our secondary aim was to describe the change of hip
abductor muscle volume in the first year after implantation of a transfemoral bone-anchored
prosthesis.

4

METHODS
A comprehensive description of the participant, surgery, 12-week rehabilitation programme
and clinical outcomes, including hip abductor muscle strength obtained by hand-held
dynamometry and self-reported walking distance in everyday life has already been reported
elsewhere.21 Consequently, only the most relevant information will be presented here.
The baseline assessment to collect the participants’ demographic and anthropometric
characteristics and the clinical outcomes was conducted 2.5 weeks prior to the first surgery.
The bone-anchored prosthesis was implanted in a two-step surgery, six weeks apart. The
baseline MRI was made five weeks after the first surgery, including implantation of the
intramedullary implant (Figure 1). One week later the second surgery was executed in which
a soft tissue stoma was created and a transcutaneous connector (Figure 1) was bolted into
the intramedullary stem. Rehabilitation started two weeks after the second surgery. The
prosthetic parts were attached to the transcutaneous unit using a stainless steel click-safety
adapter (OTN, Nijmegen, the Netherlands). The timing of the baseline MRI was chosen aiming
at equal geometry of the soft tissue at all assessments in order to prevent measurement bias
due to soft tissue modification which often is included in the first surgery. The two followup MRI scans were made six- and twelve-months after the first MRI. At the follow-ups the
stainless steel male part of the click-safety adapter (Figure 1) was removed before MRI
scanning, in order to reduce the amount of artefacts and to avoid overheating the metallic
parts outside the body.
The study was conducted according to the principles of the Declaration of Helsinki (64th
version, 19-10-2013). The protocol of this study was approved by the Ethics Committees of
Radboud university medical centre.

Feasibility
The level of feasibility of the MRI-based 3D muscle reconstruction technique was determined
through evaluation of various aspects of the procedure. First, adverse events during the MRI
sessions such as loosening and migration of the intramedullary implant/transcutaneous
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connector, heating of the metal with surrounding tissue, thermal damage and injuries due to
physical contact with the MRI scanner as result of ferromagnetism of the implant were noted
when observed by the participant or the caregivers.22 Second, difficulties in data analysis, for
example due to limited or obscured visibility of the muscles, were documented after a verbal
evaluation. Third, the time investment for data collection and analysis was recorded. Lastly,
participants’ burden in terms of time investment and discomfort was verbally evaluated after
each assessment.

4
Intramedullary implant

Transcutaneous dual cone adaptor / cap to fixate a wound dressing

Male part click-safety adapter

Transfemoral female part click-safety adapter

Figure 1. Bone-anchored prosthesis and click-safety adapter

Volume measurement
A Siemens Magnetom 1.5 Tesla (T) MRI scanner (Siemens medical systems, Malvern, PA, USA)
was used to obtain transverse images (Figure 2) of the lower body from the upper edge of
the cresta iliaca to the tibial tuberosity in the supine position. The scan protocol was based
on previous research by Scheys in order to yield optimal distinction of muscle boundaries and
to reduce metal artefacts.23 We used T1-weighted images (with a repetition time of 600 ms,
echo time of 7.7 ms, slice thickness of 3.3 mm, flip angle of 150°, and an in plane resolution
of 1x1 mm). The region of interest was scanned in three successive series, with an overlap of
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at least two slices between series. The image stacks produced were combined into a single
volume (Figure 3) using Mimics software (Version 18, Materialise N.V., Leuven, Belgium).24
Muscle volume of the hip abductor muscles (m. gluteus maximus, m. gluteus medius, m.
gluteus minimus, m. piriformis and m. tensor fasciae latae) were segmented and calculated
using Mimics. The procedure to analyse the baseline MRI of the residual limb and sound
limb was different. For the residual limb, the abductor muscles were outlined manually sliceby-slice, and with optional use of a threshold tool for inclusion of voxels with a predefined
grey value (159-388). The regions of interest were first analysed in the transverse plane
and checked, thereafter, also in the sagittal and coronal plane. This procedure resulted in a
tailored reconstruction of all muscles of interest, hereafter called “atlas” (Figure 4). For the
segmentation of the sound limb, an existing set of ten atlases was used as starting point,
which was based on the MRI scans of ten healthy subjects.24 These ten atlases and the
Mimics software were used to semi-automatically segment the hip abductor muscles of the
sound limb, following the procedure described by Kolk et al.24 The follow-up MRI scans were
segmented semi-automatically using the baseline tailored atlases previously obtained for the
sound and residual limbs. The Mimics feature “Calculate 3D” was then applied to all atlases
to reconstruct the final 3D muscle geometries. No additional smoothing was applied, to not
arbitrarily alter the volume reconstructions. Individual muscle volumes (in units of cm3) were
calculated from the 3D muscle geometries (Figure 5) using Mimics.
The baseline MRI of the residual side was manually segmented by a student (TB). An
engineer (LD) processed all segmentations. In the presence of debate about the exact muscle
boundaries, a consensus meeting with three raters, radiologist (MP), engineer (LD), and
physiotherapist (RL) established consensus about the exact muscle boundaries.

4

Figure 2. Transverse plane MR image at baseline
Note: the presence of severe adipose tissue on the residual limb side compared to the sound
side.
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4

Figure 3. Frontal plane MR image at baseline
Note: the presence of metal artefacts at the distal end of the residual limb and the abrupt
transition between adjacent stacks after combining the MR volumes.

Figure 4. Tailored atlas of the residual limb (above) and sound limb (below) at baseline
M. gluteus maximus (yellow), m. gluteus medius (purple), m. gluteus minimus (green), m.
piriformis (red) and m. tensor fasciae latae (blue)
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Figure 5. Final 3D reconstruction hip abductor muscles of the residual limb (left) and sound
limb (right) at baseline
M. gluteus maximus (yellow), m. gluteus medius (purple), m. gluteus minimus (green), m.
piriformis (red) and m. tensor fasciae latae (blue)

Data analysis
On the residual and sound limb the muscle volume of the final 3D geometries of m. gluteus
maximus, m. gluteus medius, m. gluteus minimus, m. piriformis, and m. tensor fasciae latae
were presented separately for the baseline assessment and for the six- and twelve-month
follow-ups. The volume changes between follow-ups and baseline were calculated and
expressed in percentages. Additionally, the difference in volume between sound and residual
limb was calculated within each assessment and expressed in percentages.

RESULTS
Participant characteristics
A 70-year-old man (1.78 m) with a traumatic transfemoral amputation who underwent
implantation of a cobalt–chrome–molybdenum endo-exo femoral prosthesis (EEFP) after 52
years of socket prosthesis use participated in this study. Body mass index (BMI) adjusted for
limb loss25 was 28 kg/m2 at baseline and 30 kg/m2 at both follow-up times. In the residual
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limb, hip abductor strength reduced by 2.2% at six-month follow-up compared to baseline
and was comparable to baseline at twelve-month follow-up. In the sound limb, hip abductor
strength reduced by 13.6% and 16.6% compared to baseline at six-month and twelve-month
follow-up, respectively. Walking distance in everyday life decreased by 50% at six-month
follow-up and increased by 400% at twelve-month follow-up, compared to baseline. The
participant reported severe low back pain at the six-month follow-up from degenerative disc
disease, which was treated successfully with an epidural steroid injection 10 months after
the second surgery.

4

Feasibility
No adverse events, such as heating of the metallic parts, were reported by the participant or
the caregivers. MRI artefacts were mainly present toward the distal end of the residual limb
(Figure 3). These artefacts caused no difficulties in the 3D reconstruction of the hip abductor
muscles because the region of interest was proximal to these artefacts. The visibility of the
boundaries of the residual limb muscles was less clear compared to the sound limb, as a
result of the adipose tissue interposition (Figure 2). Adipose tissue was present between
muscles (intermuscular adipose tissue) and within the boundaries of muscles’ fasciae
(intramuscular adipose tissue). When adipose tissue was present in a large extent relative
to the muscle volume, more discussion was necessary to reach consensus about the exact
boundaries of the individual muscles. This was the case, for instance, of m. piriformis (Figure
4). The manual segmentation of the residual limb of the baseline MRI, the manual correction
within the semiautomatic segmentation process and the consensus meetings were timeintensive (approximately 115-h in total). No disagreement between the raters occurred
within the three consensus meetings of 5-h that were necessary to established consensus
about the exact muscle boundaries. Because the male part of the click-safety adapter (Figure
1) had to be removed during the MRI scan, a certified prosthetist of the treatment team had
to be present during the MRI session, which caused some logistic challenges. Participants’
burden consisted out of approximately 1-h time investment per MRI scan. The participant
experienced no discomfort during the MRI sessions.

Muscle volume change
In the residual limb, individual hip abductor muscle volumes increased in the range of 2.222.4% at six-month follow-up and 1.5-22.4% at twelve-month follow-up relative to baseline.
The volume of m. piriformis decreased by 8.9% at twelve-month follow-up relative to baseline
(Table 1). The total hip abductor muscle volume increased by 5.5% at six-month follow-up and
7.4% at twelve-month follow-up relative to baseline (Table 1 and Figure 6). In the sound limb,
individual hip abductor muscle volumes increased in the range of 5.8-15.4% at six-month
follow-up and 1.9-6.3% at twelve-month follow-up relative to baseline (Table 1). The total hip
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Table 1. Hip abductor muscle volumes
Baseline

6-month

12-month

Difference

Difference

(cm3)

(cm3)

(cm3)

T1-T0 (%)

T2-T0 (%)

m. gluteus maximus

716

736

762

2.8%

6.4%

m. gluteus medius

297

320

326

7.7%

9.8%

m. gluteus minimus

76

93

93

22.4%

22.4%

m. piriformis

45

46

41

2.2%

-8.9%

m. tensor fasciae latae

67

72

68

7.5%

1.5%

Total

1201

1267

1290

5.5%

7.4%

m. gluteus maximus

1167

1235

1235

5.8%

5.8%

m. gluteus medius

422

471

444

11.6%

5.2%

m. gluteus minimus

85

96

87

12.9%

2.4%

m. piriformis

52

60

53

15.4%

1.9%

m. tensor fasciae latae

126

135

134

7.1%

6.3%

Total

1852

1997

1953

7.8%

5.5%

Residual limb

4

Sound limb

Difference residual limb versus sound limb (%)
m. gluteus maximus

-38.6%

-40.4%

-38.3%

m. gluteus medius

-29.6%

-32.1%

-26.6%

m. gluteus minimus

-10.6%

-3.1%

6.9%

m. piriformis

-13.5%

-23.3%

-22.6%

m. tensor fasciae latae

-46.8%

-46.7%

-49.3%

Total

-35.2%

-36.6%

-33.9%

abductor muscle volume increased 7.8% at six-month follow-up and 5.5% at twelve-month
follow-up relative to baseline (Table 1 and Figure 6).
The degree and the trend of asymmetry between residual and sound limb remained
consistent over time (Table 1 and Figure 6). The total hip abductor muscle volume of the
residual limb was 35%, 37% and 34% lower than the total hip abductor muscle volume of
the sound limb, at baseline, six-month and twelve-month follow-up, respectively. Within the
individual muscles, we found the following trends (Table 1 and Figure 6), the asymmetry of
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m. gluteus maximus and m. gluteus medius increased at six-month follow-up and decreased
at twelve-month follow-up compared to baseline. The asymmetry of m. gluteus minimus
decreased and the asymmetry of the m. piriformis increased at both follow-ups relative to
baseline. The asymmetry of m. tensor fasciae latae decreased at six-month follow-up and
increased at twelve-month follow-up compared to baseline.

4

Figure 6. Total hip abductor muscle volume
SL: sound limb; RL: residual limb

DISCUSSION
The results of this study showed that the MRI-based 3D muscle reconstruction technique
is feasible to assess hip abductor muscle volume in a person with a transfemoral cobalt–
chrome–molybdenum bone-anchored prosthesis in an experimental setting. No adverse
events were reported. MRI artefacts due to metal hardware did occur, but they did not
influence the 3D muscle reconstructions. The severe presence of adipose tissue hampered
the exact volume measurements in some of the residual limb muscles, which may have led
to measurement bias. Participants’ burden was acceptable because it was limited to 3-h time
investment (1-h per MRI scan), but both the need for technical support during the MRI scans
and the time-intensive data analysis, decrease the feasibility in studies with a large sample
size. We opted a 1.5T MRI scanner and an MRI protocol based on previous research.23 in
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an attempt to achieve optimal distinction of muscle boundaries and concurrently reduce
metal artefacts.20,26,27 These choices were successful, as illustrated by the high image quality
obtained (Figure 2) and the absence of image artefacts within the regions of interest (Figure
3). This is in line with studies in persons with a total hip arthroplasty.26,27 The MRI artefacts at
the distal end of the residual limb were probably caused by the absence of bone in that area
and the limited covering of the implant by soft tissue. Therefore, the MRI-based 3D muscle
reconstruction technique will not be suitable to examine problems related to the soft tissue
stoma.
In this single case study, the total hip abductor muscle volume asymmetry remained
stable over time. The asymmetry ranged from 34 to 37% and was in favour of the sound side,
which is comparable with the findings of Jaegers et al.6 The total hip abductor muscle volume
of both limbs increased at both follow-ups compared to baseline. The increase in muscle
volume of the majority of the individual muscles exceeded the 1-3% intra-rater volume
differences (interpretational error) of MRI-based 3D hip abductor muscle reconstruction.28
These observation may indicate a possible reversion of the muscle atrophy process in a
person with severe disuse muscle atrophy. Although larger studies are required to support
this observation, this is the first description in reversibility of disuse-related muscle atrophy in
a person with a transfemoral amputation using a bone-anchored prosthesis. Muscle volume
at baseline in this case report are in line with the cross-sectional data of Jaegers and coworkers.6 Jaegers et al. assessed muscle volume of the lower extremity using an MRI-based
3D muscle reconstruction technique in twelve persons with a transfemoral amputation. All
persons used a socket prosthesis and the time between primary amputation and inclusion
ranged from 2 to 35 years. The volumes of the m. gluteus maximus, m. gluteus medius, m.
gluteus minimus and m. tensor fasciae latae in our study fell all within one standard deviation
of the volumes found by Jaegers et al. M. piriformis was not analysed by Jaegers et al. In
contrast to Jaegers et al. we found intramuscular adipose tissue in non-cleaved muscles,
whereas they only found intramuscular adipose tissue in cleaved and non-fixed muscles.
Another important consideration is that the time between primary amputation and
inclusion for our participant was 52 years. We expect the long-term use of a socket prosthesis
to be the cause of the massive atrophy and increased adipose tissue in most muscles of
the residual limb compared to the sound limb. Thus, whether muscle regeneration could be
expected after such a long time of disuse remains questionable. Despite the age and length of
post-amputation of this participant, we found an increase in muscle volume over time. This is
promising for patients of lower age and for those with less time between primary amputation
and inclusion.

4

Strengths and limitations
To our knowledge this is the first study that used the MRI-based 3D muscle reconstruction
technique using repeated measures and the first study that used this technique in a person
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with a bone-anchored prosthesis. The choice for a repeated measures design in this study is
of added value because it allowed us to investigate the impact the intervention, in this case
the bone-anchored prosthesis surgery in combination with rehabilitation, had on tissue level
which has not been described in the literature previously. Because this was a single case
study we were not able to examine the causal relationship between the intervention and the
muscle volume change. It was remarkable that the trend of changes in muscle strength and
changes in activity level was different from the trend shown in changes of muscle volume.
The period of severe low back pain was potentially a confounding factor that influenced
these trends. Future research in a larger cohort should investigate these correlations and
should examine the causal relationship between the intervention and the muscle volume
change. MRI-based 3D muscle reconstruction showed to be a safe and non-invasive method
to obtain detailed information about the total volume of individual muscles. This in contrast
to previously used methods to analyse the volume of the residual limb which were too
invasive or too global such as: circumference measurement of the residual limb using a tape
measure7,29; and analysing cross-sectional areas of muscles using ultrasonography30; muscle
biopsy4,7; computed tomography4,7; or MRI.6,31 An additional advantage of the MRI-based 3D
muscle reconstruction technique is that it can be used for finite element modelling.32
An important limitation of our study is that feasibility was evaluated for only one type
of metal implant. No adverse events were reported in all three MRI acquisitions; therefore,
we may conclude that the use of 1.5T MRI in persons with a cobalt–chrome–molybdenum
implant is safe and that the MRI-based 3D muscle reconstruction technique is feasible to assess
muscle volume. However, it remains unknown whether MRI and the 3D muscle reconstruction
technique are safe and feasible for bone-anchored prosthesis made with other metal alloys,
such as titanium. Although titanium implants produces larger metal artefacts than cobalt–
chrome–molybdenum implants20, research concerning titanium plates and screws suggests
that the use of a 1.5T MRI scanner would be safe and the extent of metal artefacts can be
minimized.33 A second limitation is that we did not evaluate the muscle tissue composition,
including the level and changes of intermuscular and intramuscular adipose tissue. Insight in
the level of adipose tissue would be important because the latter is associated with decreased
muscle performance and impaired physical function.34 The influence of the increased BMI at
both follow-up times compared to baseline on the change in muscle volume could not be
interpreted because we did not analyse the muscle tissue composition and because this was
a single case study. Presumably, a precise quantification of intermuscular and intramuscular
adipose tissue would also increase the accuracy and thus the feasibility of the MRI-based 3D
muscle reconstruction technique. Previous studies used the grey value (or image intensity) of
subcutaneous adipose tissue to identify the intermuscular and intramuscular adipose tissue
within T1-weighted MR images.34,35 The validity of this method is questionable, as also other
tissues (i.e., blood, trabecular bone, mineralisation) besides fat appear hyperintense on T1weighted MR images. Specific MRI sequences suitable for the discrimination of water and
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fat content, such as the DIXON MRI sequence36, probably lead to a more accurate method to
identify the level of intermuscular and intramuscular adipose tissue. As a third limitation, we
report the amount of manual correction necessary during the semiautomatic segmentation,
which was partly due to the large amount of adipose tissue present. This may have caused
potential measurement bias and decreased accuracy. To minimise these aspects and retain
accuracy, we used consensus meetings which in turns limited the feasibility as they were
time-consuming. Another possible cause of the amount of mandatory manual correction
is that a student performed the manual segmentation of the baseline MRI instead of an
experienced radiologist. We selected a student for this task because this part of the analysis is
the most time-intensive. A final limitation was that it was not possible to distinguish whether
the changes to the muscle volume were attributed solely to the change of type of attachment
or the rehabilitation program or because of the combination. In our clinical practice, boneanchored prosthesis surgery is always followed by a standardised rehabilitation programme
focussing on improvement of hip abductor strength, core stability, and gait quality.21 To
investigate the influence of the rehabilitation on the results future studies could include a
control group of persons with socket attached prostheses.

4

Recommendation for future research
Future research should focus on improvement of the accuracy of the 3D muscle reconstruction
technique, options to quantify adipose tissue and to increase the practical applicability.
The MRI-based 3D muscle reconstruction technique will be more practical if it is less timeintensive and less or no manual correction is necessary within the analysis process.
The 3D muscle reconstruction is of added value because it can give insight in the impact of
interventions on tissue level. This is relevant within the discussion concerning the inclusion
criteria for bone-anchored prosthetic surgery. To date, the time of the onset of muscle
atrophy and increase of adipose tissue is not clear. Furthermore, there is a lack of knowledge
concerning the extent of potential reversibility of the atrophic process as a result of a boneanchored prosthesis use. Future research should focus on both aspects in a larger repeated
measures study with persons with a bone-anchored prosthesis, in which stratification of the
time between primary amputation and bone-anchored prosthesis surgery is implemented.

CONCLUSION
MRI-based 3D muscle reconstruction technique appears to be feasible to assess hip abductor
muscle volume in a person with a cobalt–chrome–molybdenum bone-anchored prosthesis
in an experimental setting. The repeated measures design allowed us to investigate the
impact of the intervention on tissue level. In our participant the majority of hip abductor
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muscles increased in volume at six-month and twelve-month follow-up relative to baseline.
The accuracy of the technique was potentially negatively influenced by severe intermuscular
and intramuscular adipose tissue. Future research should focus on further automation of the
3D reconstruction technique, the analysis of muscle tissue composition, and the feasibility
of 3D muscle reconstruction for bone-anchored implants made with other commonly used
metallic alloys.
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ABSTRACT
Background
Patients with lower extremity amputation frequently suffer from socket-related problems.
This seriously limits prosthesis use, level of activity and health-related quality of life (HRQoL).
An additional problem in patients with lower extremity amputation are asymmetries in
gait kinematics possibly accounting for back pain. Bone-anchored prostheses (BAPs) are a
possible solution for socket-related problems. Knowledge concerning the level of function,
activity and HRQoL after surgery is limited.
The aims of this ongoing study are to: a) describe changes in the level of function, activity,
HRQoL and satisfaction over time compared to baseline before surgery; b) examine potential
predictors for changes in kinematics, prosthetic use, walking ability, HRQoL, prosthesis
comfort over time and level of stump pain at follow-up; c) examine potential mechanisms
for change of back pain over time by identifying determinants, moderators and mediators.

5

Methods/design
A prospective 5-year longitudinal study with multiple follow-ups. All adults, between May
2014 and May 2018, with lower extremity amputation receiving a press-fit BAP are enrolled
consecutively. Patients with socket-related problems and trauma, tumour resection or stable
vascular disease as cause of primary amputation will be included. Exclusion criteria are severe
cognitive or psychiatric disorders. Follow-ups are planned at six-months, one-, two- and fiveyears after BAP surgery. The main study outcomes follow, in part, the ICF classification: a)
level of function defined as kinematics in coronal plane, hip abductor strength, prosthetic
use, back pain and stump pain; b) level of activity defined as mobility level and walking ability;
c) HRQoL; d) satisfaction defined as prosthesis comfort and global perceived effect. Changes
over time for the continuous outcomes and the dichotomized outcome (back pain) will be
analysed using generalised estimating equations (GEE). Multivariate GEE will be used to
identify potential predictors for change of coronal plane kinematics, prosthetic use, walking
ability, HRQoL, prosthesis comfort and for the level of post-operative stump pain. Finally,
potential mechanisms for change in back pain frequency will be explored using coronal plane
kinematics as a potential determinant, stump pain as moderator and hip abductor strength
as mediator.

Discussion
This study may identify predictors for clinically relevant outcome measures.
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BACKGROUND
The population living with a lower extremity amputation is estimated to grow significantly, in
part, due to the aging population and high rates of vascular disease.1 In the Netherlands, 9094% of the lower extremity amputations are due to vascular disease, 3% to trauma and 3%
to tumour resection.2 The primary amputation level is transtibial in 49% of the patients, knee
disarticulation in 9%, transfemoral in 34% and bilateral in 9%.3 Approximately 86% of the
patients with a lower extremity amputation are fitted with a socket prosthesis (SP).4 Within
socket prosthesis users, 34-63% have reported suffering from socket-related problems
including chronic skin problems and residual limb pain associated with the socket.5-9 It is
well known that the symmetry in spatio-temporal, kinematic and kinetic parameters during
gait is reduced in SP users compared to able-bodied persons.10-12 In addition socket fitting
problems13, decreased hip abductor strength13-15 and changed muscle activity patterns16 may
be a possible cause for this asymmetry. Gait asymmetry, specifically in the coronal17-19 and
sagittal plane18, are considered to be associated with secondary complaints such as back
pain.20 Both, socket-related problems and back pain can lead to limited prosthetic use5,21 and
reduced health-related quality of life (HRQoL).5,7
For patients with a lower extremity amputation who suffer from socket-related problems
the prosthesis can be transcutaneously attached to the bone by osseointegration utilizing
intramedullary implants, known as bone-anchored prostheses (BAPs)22. BAPs are used in
patients with a transfemoral23-30 or transtibial amputation.31-33 To date, there are two types of
implants available: a screw BAP34,35 and a press-fit BAP.29,36 Both are implanted using two-step
surgery techniques, however, for the press-fit BAP the time between surgeries is 4.5 months
shorter than for a screw BAP.34,36 Additionally, the rehabilitation period is shorter for press-fit
BAP because the implant allows more weight bearing in the early post-operative phase.29,34-36
An advantage of direct attachment to the bone, regardless of the used BAP method, is that
the patient has a better ability to detect vibrotactile and pressure stimuli of the prosthetic limb
compared to socket prosthesis users.22,37,38 These stimuli are also known as osseoperception.
Although BAP surgery has been performed for over 25 years only eight and generally small
longitudinal studies23,25,27-31,39 assessed the level of function, activity and QoL outcomes of
BAP compared to SP use. Various benefits have been found on body functions or structures
(hereafter referred to as level of function), level of activity and HRQoL for BAP use compared
to SP use.40,41 However, functional outcomes seem to be an underexposed part of BAP
research to date. This is remarkable, because BAP surgery is an invasive intervention aimed to
overcome problems in physical functioning in SP users with socket-related problems. In the SP
population, complaints such as back pain may be the result of asymmetries in coronal plane
gait kinematics and are possibly related to hip abductor strength deficiencies20,42, but have
not been researched in the BAP population. Research on the level of satisfaction experienced
by the patient with respect to their prosthesis is absent. Similarly, factors associated with
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outcomes regarding the levels of function, activity, HRQoL and satisfaction of the prosthesis
after BAP surgery has not been researched. This study will address the above mentioned
outcomes and follow, in part, the ICF classification.41 The purpose of this manuscript is to
detail the study protocol of an ongoing prospective 5-year longitudinal study with multiple
follow-ups. The study focuses on patients with a lower extremity amputation who are fitted
with a press-fit BAP and complete a standard rehabilitation programme. Through publishing
this study protocol we aim to: a) increase the transparency of our data collection; b) prevent
publication bias and selective reporting; c) prevent data dredging.43 The study has four aims:
Aim 1: to describe the change in the level of function, activity, HRQoL and satisfaction
in patients with a lower extremity amputation after receiving a press-fit BAP at short-term
(six-months and one-year), mid-term (two-years) and long-term (five-years) follow-up
in comparison to baseline. We hypothesise that coronal plane kinematics symmetry, hip
abductor strength, prosthetic use, mobility level, walking ability, HRQoL and prosthesis
comfort will improve over time and that the frequency of back pain will decrease over time.
Aim 2: to examine potential predictors for the change of coronal plane kinematics,
prosthetic use, walking ability, HRQoL and prosthesis comfort over time: outcomes that are
the main reason why patients choose a BAP The potential predictors which will be included
in the analysis are: demographic data, patient characteristics, baseline level of function,
baseline level of activity and baseline level of satisfaction (Appendix 1).
Aim 3: to examine predictors for the level of stump pain at short-term, mid-term and longterm follow-up (Appendix 1). In our clinic we see that stump pain after BAP surgery negatively
influences outcomes on the level of function, activity, HRQoL and satisfaction. However,
we do not have insight in the level of stump pain at follow-up and knowledge concerning
predictors for stump pain is absent.
Aim 4: to examine potential mechanisms for changes in back pain at short-term, midterm and long-term follow-up. We hypothesise that an increase of coronal plane kinematics
symmetry will be a possible determinant for a decrease in back pain (Figure 1). We also
hypothesise that stump pain will act as moderator and hip abductor strength will act as
mediator.
The short-, mid- and long-term outcomes and the results of the various aims of this study
will be presented in separate articles.

5

Figure 1. Causal model for change of back pain
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METHODS AND DESIGN
This is an ongoing prospective 5-year longitudinal study with multiple follow-ups. All
assessments are part of usual care for patients with a lower extremity amputation following
BAP surgery.

Study population
All patients who are eligible for a press-fit BAP in the Netherlands undergo surgery in one
hospital (Radboud university medical centre). All consecutive patients in our centre, between
May 2014 and May 2018, undergoing BAP surgery are eligible for this study. Patients are eligible
for press-fit BAP surgery if: a) they are adults with a lower extremity amputation suffering
from socket-related problems contributing to limited prosthetic use; b) the cause of primary
amputation is congenital or due to a trauma, tumour resection or stable vascular disease.
Exclusion criteria for surgery are the presence of severe cognitive or psychiatric disorders.
A multidisciplinary team including a surgeon, rehabilitation physician, physiotherapist and
prosthesist assess patients for inclusion for BAP using a standard procedure as described
by Van de Meent et al.29 When patients’ medical history reveals a psychiatric history, a
psychologist is consulted to assess the patient prior to inclusion.

5

Sample size
We will not draw a sample, but aim to include the entire population, which started in May
2014. We expect to have little non-responders as all assessments are part of usual care. This
expectation is supported by the fact that we had no non-responders since the start of this
study. Based on the average number of surgeries in the Netherlands during the year 2014 and
2015 we expect that 18 patients will be included each year.44 For our first aim, investigating
change over time, we will present the first interim analyses of this growing cohort when we
have a minimum of 40 patients at the following time points: one-, two- and five-year followup. Press-fit BAP surgery started in the Netherlands in 2009. Between 2009 and 2014, 42
patients received a BAP. Thus at the time of our first interim analyses (mid of 2017) the total
Dutch population with a minimum follow-up of one-year will include 82 patients.44 Although,
the sample size of 40 patients appears to be small, the study will have gathered longitudinal
data (with a minimum follow-up of one-year) in 49% of the total Dutch population of patients
with a press-fit BAP. We expect that this is sufficient to be able to generalise the results to the
Dutch population eligible for a press-fit BAP. Of the patients included in this study to date,
none have dropped out. We also do not anticipate any high drop-out rates for the remainder
of the study as the assessments are part of usual care.
We will use the rule-of-thumb for prediction modelling with multiple factors and assume
that we need ten cases per predictor.45 The various continuous outcomes of interest have a
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different number of potential predictors (Appendix 1) ranging from three to seven variables.
A minimum of 30 subjects are needed for prosthetic use, 40 subjects for HRQoL, 50 subjects
for walking ability and prosthesis comfort, 60 subjects for coronal plane kinematics, and 70
subjects for stump pain. Based on these numbers we expect to complete the inclusion of
patients for this study around May 2018.

Intervention
Press-fit BAP surgery involves two surgeries six to eight weeks apart.29,36 First, a cementless
intramedullary stem is inserted in the femur or tibia and the wound is closed. After
osseointegration has been initiated, a second procedure creates a soft tissue stoma with a
transcutaneous connector which is bolted into the intramedullary stem. Between the two
surgeries the patient is not allowed to use a socket prosthesis but is permitted to ambulate
on the sound limb using a walking aid, such as crutches.
All patients start rehabilitation one week after the second surgery. Rehabilitation aims to
reach predetermined functional goals. These goals include increasing the level of activity and
minimising gait compensation strategies, such as, an unstable pelvis and ipsilateral lateral
flexion of the trunk during stance phase. Rehabilitation focuses on improving hip abductor
strength, core stability, symmetry in spatio-temporal parameters and symmetry in kinematic
parameters. The detailed rehabilitation programme is described elsewhere.46 The duration
of the twice weekly rehabilitation programme (Figure 2) depends on the level of amputation
and ranges from 4 weeks (transtibial amputation) to 11 weeks (transfemoral amputation).
Rehabilitation is prolonged if the patient is improving but has not met the previously
determined goals.

5

Figure 2. Flow chart of assessments and interventions

Ethics
Patients included in this study are informed about the baseline and follow-up assessments
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by the treating physician during the multidisciplinary out-patient clinic for BAP. A separated
document, including a patient information letter and informed consent form is attached to
the baseline assessment appointment letter. Informed consent with permission to use the
usual care data for research purposes is obtained prior to the baseline assessment. The study
is conducted according to the principles of the Declaration of Helsinki (64th version, 19-102013). The protocol of this study (registration number 2014/196) was approved by the Ethics
Committees of Radboud university medical centre.

Study procedures and parameters
Patients are assessed by the treating physiotherapist at baseline (preoperatively) and at sixmonth, one-, two- and five-year follow-up (Figure 2). The primary outcomes of this study are
level of function, activity, HRQoL and satisfaction. Demographics and patient characteristics
are obtained from the patients. These variables will be used for descriptive statistics, and
some will be used as potential predictors for change of coronal plane kinematics, prosthetic
use, walking ability, HRQoL, prosthesis comfort and the level of stump pain at follow-up
(Appendix 1).

5

Demographics and patient characteristics
Sex, age, cause of amputation and the time from primary amputation to inclusion are collected
at baseline from the patients’ medical file. Level of amputation is obtained at baseline and at
six-month follow-up. Body mass index (BMI) accounting for the limb loss using the adjusted
body weight47, residual limb and sound limb characteristics46,48 and used prosthesis parts are
obtained at baseline and all follow-up time points. Rehabilitation characteristics (the duration
in weeks and the number of rehabilitation sessions) are also obtained. Adjusted body weight
is calculated with the following formula: actual body weight / (1 minus percentage of the
amputated part of the limb). The amputation percentages are: Transfemoral Amputation
(TF): 10.1%, Transtibial Amputation (TT) / knee disarticulation (KD): 5.9%, foot amputation:
1.5%, bilateral TF: 20.2%, bilateral TT / KD: 11.8%, bilateral foot amputation: 3.0% and TF
combined with TT / KD: 16.0%.47

Level of function
Coronal plane kinematics
In unaided walkers, kinematics in the coronal plane are recorded using a video camera
(Panasonic HC-X920) during two activities. First, while a patient walks three times up and
down a path of 15 metres. Secondly, while a patient performs a step exercise with the
sound side. The step exercise is performed, two times consecutively using a 11 centimetre
high aerobic power step (Tunturi® New Fitness, Almere, The Netherlands). The kinematics
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(continuous scale) in coronal plane (in degrees) are assessed using two methods: a) an overall
angle between trunk and residual limb during the mid-stance is calculated out of two angle
measurements, namely the angle between pelvis and residual limb and the angle between
pelvis and trunk. To be able to assess these angles using Dartfish software (Dartfish, Fribourg,
Switzerland), a piece of tape (approximately 1.0 by 1.0 cm) is placed on 1) the anterior superior
iliac spine (ASIS) on both sides, 2) the proximal part of the manubrium and 3) 30 cm distal
of the ASIS on the ventral side of the residual limb (Figure 3). The reference points for the
position of the tape on the residual limb varies. In patients with a transtibial amputation the
middle of the patella is used as a reference for all assessments. At baseline, the middle of the
socket is used in patients with transfemoral amputation or knee disarticulation, because the
position of the bone in soft tissue is not visible. At follow-up the transcutaneous connector
is used in patients with a transfemoral amputation; b) peak pelvis and trunk segment
angles during stance phase are measured relative to the laboratory axis using two wireless
gyroscopes (Valedo®Motion, Hocoma, Volketswil, Switzerland) on the first vertebrae of the
sacrum and 17.5 centimetre cranial of the distal gyroscope respectively, (Figure 3) using an
applicator. A reproducibility study is now ongoing to assess both angle measurements and
will determine which instrument will be used to evaluate the kinematics.

5

Figure 3. Coronal plane kinematics
Left: Position of the tapes; Right: Position of the gyroscopes
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Hip abductor strength
Hip abductor strength (continuous scale) is measured using the ‘make-technique’ with a
microfet2TM handheld dynamometer (HHD) (Hoggan Scientific LLC., Salt Lake City, Utah, United
States) with the patient lying in supine position. A fixation-belt is used to stabilise the pelvis
and prevent sliding. The HHD is applied 22 centimetre distal of the most prominent aspect
of the greater trochanter. For each strength test, following a warm-up of one submaximal
contraction, all patients perform three maximal trials for 3 to 5 seconds with a 1-minute
rest interval. The maximum of three valid trials is used. The torque value (Nm) of the hip
musculature is normalised by body weight in kilograms (kg), resulting in a torque value in
Nm/kg. This hip abductor strength test is a modification from the test described by Pua et al.49
A reproducibility study is now ongoing.

5

Prosthetic use
The prosthetic use score (continuous scale: 0-100 points) of the Dutch version of the
questionnaire for persons with a transfemoral amputation (Q-TFA) is used to assess the
patient-reported prosthesis wearing time.50 A higher score represents a longer wearing time.
Back pain
A single question (ordinal scale) ‘Did you experience back pain within the previous month?’
with three response alternatives; ‘no’, ‘yes, with episodes’ and ‘yes, chronic (daily)’ is used to
assess back pain frequency.46
Stump pain
Post-operative stump pain (continuous scale) is assessed during follow-up using the Numeric
Rating Scale (NRS: 0-10).51 Pain location (nominal scale) is assessed for descriptive purposes
with seven response alternatives: ‘no location’, ‘soft tissue stoma’, ‘distal side stump’, ‘ventral
side stump’, ‘inguinal area’, ‘greater trochanter area’ or ‘other’.

Level of activity
Mobility level
The mobility level is assessed using three patient-reported outcome measures (ordinal
scales: a-c) and one physical performance measurement (continuous scale: d): a) the
Medicare Functional Classification Level (MFC-level)52, also known as ‘k-levels’ (0-4) in which
‘k0’ represents a non-ambulatory person and ‘k4’ a high-level prosthesis user; b) the Special
Interest Group in Amputee Medicine Workgroup Amputation and Prosthetics (SIGAM WAP)
mobility score (class A-F)53 where ‘class A’ represents an abandoned prosthesis user and ‘class
F’ a prosthesis user with a normal gait without aids; c) a question concerning the use of aids in
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daily life, both for indoor use and outdoor use, with a 5-point likert scale answer; ‘wheelchairbound’, ‘walking frame / rollator’, ‘two crutches / canes’, ‘one crutch / cane’, ‘none’; d) the
timed up and go (TUG) using a standard arm chair (seat height 46 centimetre, arm height
67 centimetre) and a 3 metre walking course marked by a pylon, representing the level of
physical mobility.54 The fastest attempt (in seconds) of three TUGs is noted as final time score.
Walking ability
Walking ability is evaluated using two measurements (continuous scales): a) a self-paced
6-minute walking test (6MWT). Patients walk six minutes as fast as they can without
encouragement, on a 10 metre course marked by two pylons representing the submaximal
level of functional capacity.55,56 Total walking distance will be recorded in meters and walking
speed will be calculated in meters per second as an indicator of gait performance57,58; b) a
single question: ‘How far can you walk in one go in everyday life?’ representing a patientreported estimation of the walking distance in daily life in metres.46
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Level of health-related quality of life
The Q-TFA global score (continuous scales: 0-100 points) is used to assess HRQoL and is a
summary of three items: perception of function, problems with the current prosthesis and
the perception of the current overall amputation situation.29,50 A higher score reflects a better
HRQoL. All three items are scored on a 5-point likert scale. For patients not using a prosthesis
only the single overall question (ordinal scale) is used; ‘How would you summarize your
overall situation as an amputee?’, with five response alternatives; ‘extremely poor’, ‘poor’,
‘average’, ‘good’ or ‘extremely good’.

Level of satisfaction
Prosthesis comfort
To assess the satisfaction of the patient in regards to their prosthesis, including the socket
or bone-anchored prosthesis aspect, the Prosthesis Comfort Score (PCS)46 is used. The PCS
(continuous scales) is a single question ‘How satisfied are you with your current prosthesis on
a scale of 0 to 10, where 0 is not satisfied and 10 extremely satisfied?’.
BAP satisfaction
Global perceived effect of BAP (ordinal scale) is assessed within the post-operative follow-up
using a single question ‘Would you, with your current knowledge, choose for a BAP again?’
with five response alternatives; ‘strongly disagree’, ‘disagree’, ‘neutral’, ‘agree’ or ‘strongly
agree’.
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Statistical analysis
All outcomes will be analysed non-stratified. Additionally, we will stratify for level of
amputation and for baseline wheelchair-boundedness when applicable. The size of the
subgroups will determine whether statistical tests will be used to analyse the outcomes of
the subgroups, or if only descriptives will be presented. All analyses will be performed using
SPSS v23 (SPSS Inc., Chicago, Illinois, United States). In all cases, two sided p-values <0.05 will
be considered to be statistically significant.
Descriptive statistics
Categorical data will be presented as exact numbers. Percentages will be calculated for the
various levels. For the continuous data, means and standard deviations will be calculated for
normally distributed variables. For data not-normally distributed median and inter-quartile
ranges will be used. Missing data will be analysed and imputation techniques will be used
where necessary.
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Aim 1: longitudinal statistics
Change over time in level of function, activity, HRQoL and satisfaction will be analysed for
all continuous outcomes (coronal plane kinematics, hip abductor strength, prosthetic use,
mobility level, walking ability, HRQoL and prosthesis comfort) and for one categorical outcome
(back pain). Generalised estimating equations (GEE) for repeated measurements with an
exchangeable correlation structure will be used59-61. Back pain will be dichotomised for this
analysis into ‘no back pain’ and ‘back pain’ (representing the classes ‘yes, with episodes’ and
‘yes, chronic (daily)’). Continuous outcomes (mean change) and the dichotomised outcome
(odds ratio) will be presented with 95% confidence intervals.
Aim 2 and 3: prediction models
For the significantly changed outcomes of interest over time (change of coronal plane
kinematics, prosthetic use, walking ability, HRQoL and prosthesis comfort) and for stump pain
at follow-up, multivariate GEE59,61 will be used to examine which potential predictors are of
added value in the prediction of these outcomes (Appendix 1). Potential predictors are age,
BMI, time from primary amputation to inclusion, cause of amputation, level of amputation,
length of the residual limb, baseline hip abductor strength, baseline prosthetic use, baseline
mobility level, baseline walking ability and baseline prosthesis comfort. Baseline values of the
outcomes of interest will also serve as potential predictors. The multivariate model will be
reduced by manually removing predictors with a p-value of >0.15 based on the log-likelihood
ratio test. Model performance will be assessed by the percentage of explained variance (R2)
and C-statistics for continuous and categorical outcomes, respectively.

127

Aim 4: causal model for change of back pain
To explore the potential mechanisms in the causal model for change of back pain over time
(Figure 1), the potential determinant (coronal plane kinematics), the potential moderator
(stump pain), the potential mediator (hip abductor strength) and the interaction term of the
determinant and moderator/mediator will be analysed using GEE.

DISCUSSION
All assessments included in this study are part of usual care. This is, in our opinion, an
advantage because the risk of missing data and loss to follow-up is expected to be low. The
Netherlands is a relative small country, resulting in small logistical challenges. This differs
from other countries where bone-anchored prosthesis surgery is performed (e.g. Sweden,
Germany, Australia). There are a few limitations to our study design. 1) A disadvantage of
data collection during usual care is that it may lead to measurement bias. Measurements may
have to be performed by a different rater in unforeseen circumstances and the rater is also
the treating physiotherapist. Furthermore, the used measurement instruments are rarely
gold standard tools. In order to limit measurement bias, we standardised the measuring
procedures as described in this study protocol, limited the maximum number of raters to
two across all follow-ups and trained the raters. Three of our measurement instruments
(Dartfish angle measurement, Valedo®Motion angle measurement and hip abductor strength
test) are developed specifically for this study. Therefore, no information concerning their
psychometric properties are readily available, but a reproducibility study concerning these
measurements is now ongoing. 2) To increase the compatibility of our study results with
other available literature, we have chosen to use the Q-TFA to evaluate prosthesis wearing
time (prosthetic use score) and HRQoL (global score) in all patients, regardless of their level of
amputation. The Q-TFA is specifically developed for patients with a transfemoral amputation,
but the constructs we investigate in this study do not involve specific questions related to the
level of amputation that could influence the validity of the results. Furthermore, the Q-TFA
is widely used in studies which evaluate bone-anchored prosthesis use, both in patients
with a transtibial as with a transfemoral amputation.40 3) Walking ability is investigated by
patient-reported estimation of the walking distance in daily life. This may be less accurate
than using a pedometer or activity tracker, but the results are clinically relevant. Patients
may overestimate or underestimate, yet this is likely to happen structurally and therefore
will not lead to biased results. 4) We have not included a measure investigating back pain
intensity. Although back pain frequency is included, the method is too robust to identify more
subtle changes, such as back pain intensity, that may also be an important clinical measure of
treatment. For example, patients may still experience back pain but to a much lesser degree
than before. The prevalence of back pain is high (52-84%) in patients with a lower extremity
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amputation using a socket prosthesis.21,62-64 This study will explore if back pain is a common
secondary disability as well in the BAP population and we will examine potential mechanisms
for change of back pain over time. Knowledge of these mechanisms can influence the content
of rehabilitation programme and future studies may include questions regards to back pain
intensity.
In our clinic patients who choose a BAP do this for various reasons, including the
expectation to increase their level of function, activity, HRQoL and satisfaction. However, to
our knowledge no previous research has been done concerning predictors for outcomes on
the level of function, activity, HRQoL or satisfaction. Due to the lack of current evidence, no
individualised care can be provided. This causes uncertainty concerning the result of the
actual health benefits that a patient is hoping for when choosing for a BAP. This study will be
the first to address this topic.
The main inclusion criteria for BAPs in current practice is the presence of socket-related
problems. By eliminating these problems, patients aim to overcome limitations in their
physical functioning. However, a part of the BAP population suffers from stump pain as
result of stoma-related problems, reactivating muscles and reuse of the hip joint for weight
bearing.34,40,46 Because stump pain after BAP surgery can also negatively influence physical
functioning it is important to quantify the prevalence, the level of stump pain and identify
potential predictors. Knowledge concerning these aspects may influence the content of the
rehabilitation programme.
In summary, the psychometric properties of some of the chosen measurement instruments
are absent and may influence the interpretation of these outcomes. This study is the first
to examine coronal plane gait kinematics, hip abductor strength, prevalence of back pain,
prevalence of stump pain and level of satisfaction in patients after BAP surgery. This study will
provides preliminary insight in associated factors for clinically relevant outcome measures
after press-fit BAP surgery. This important knowledge can help patients and professionals
alike, to establish realistic expectations of the expected natural course after BAP surgery. In
turn, this could potentially result in new inclusion criteria for BAP surgery in the future.
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APPENDIX 1. PREDICTION MODELS WITH POTENTIAL PREDICTORS
Change of coronal plane kinematics over time compared to baseline= f(time from primary
amputation to inclusion, baseline length of the residual limb, baseline coronal plane
kinematics, baseline hip abductor strength, baseline walking ability, baseline prosthesis
comfort)
Change of prosthetic use over time compared to baseline= f(body mass index, baseline
prosthetic use, baseline prosthesis comfort)

5

Change of walking ability over time compared to baseline= f(age, body mass index, baseline
hip abductor strength, baseline walking ability, baseline prosthesis comfort)
Change of health-related quality of life over time compared to baseline= f(baseline prosthetic
use, baseline walking ability, baseline health-related quality of life, baseline prosthesis
comfort)
Change of prosthesis comfort over time compared to baseline = f(body mass index, time
from primary amputation to inclusion, cause of amputation, level of amputation, baseline
prosthesis comfort)
Level of stump pain at follow-up= f(time from primary amputation to inclusion, level of
amputation, baseline length of the residual limb, baseline hip abductor strength, baseline
prosthetic use, baseline mobility level, baseline walking ability)
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ABSTRACT
Introduction
Suitable handheld dynamometer (HHD)-techniques to test hip abduction strength in
individuals with a lower extremity amputation, irrespective of their amputation level are
absent. The aim of this study was to optimise a HHD-technique and to test its reproducibility
and validity.

Methods
This study involved three phases, in which two techniques were evaluated. Both HHDtechniques used a lever-arm of 22 centimetre. HHD-technique 1 used a break-technique.
After obtaining within-session test-retest reproducibility (phase 1) we optimised the HHDtechnique by adding a fixation-belt and using a make-technique (HHD-technique 2). We
tested the within-session test-retest and inter-rater reproducibility (phase 2) and the validity
(phase 3) of HHD-technique 2 using an isokinetic dynamometer. New cohorts of participants
were recruited for each phase.

6

Results
Phase 1: we tested HHD-technique 1 in 26 participants with a lower extremity amputation.
It was test-retest reproducible (ICC3.1agreement: 0.80-0.92, standard error of measurement
(SEM): 3.1-4.4 Nm and smallest detectable change (SDC): 8.6-12.3 Nm). There were
questions regarding the validity of the measurement, because the mean muscle torque of
the residual limb and sound limb were similar, which is uncommon. Phase 2: reproducibility
of HHD-technique 2 was tested in 44 participants with a lower extremity amputation. It was
test-retest reproducible (ICC3.1agreement: 0.96-0.97, SEM: 3.9-4.7 Nm and SDC: 10.9-12.9 Nm)
but not inter-rater reproducible despite having good reliability (ICC3.1agreement: 0.92, SEM:
6.9-7.6 Nm and SDC: 19.2-21.2 Nm). Systematic bias and bias related to the magnitude of
the muscle torque was suspected. Phase 3: the concurrent validity was established in 30
healthy participants (r= 0.84). Systematic bias in measurement error was present, including a
consistent overestimation of the muscle torque of 28% using the HHD.

Conclusion
HHD-technique 2 is a test-retest reproducible and valid measuring technique The technique
may be further optimised by the use of an external device to stabilise the HHD.
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INTRODUCTION
Lower extremity muscle strength training is an important element of rehabilitation programmes
for individuals with a lower extremity amputation.1-6 The importance is supported by the
following findings: 1) strength of the muscles of the hip joint in the residual limb is decreased
up to 35% relative to healthy subjects and up to 28% compared to the sound limb7,8; 2) muscle
atrophy of the residual limb is present up to 73% compared to the sound limb9; 3) decreased
and asymmetric muscle strength is associated with lower gait speed and an asymmetric gait
pattern10-13 4) decreased strength of the muscles of the hip joint is associated with lower
activity levels.7 Reliable, valid and responsive measurement instruments are needed to
measure muscle strength. This is important to be able to determine the intensity of strength
training and to evaluate the effectiveness of a rehabilitation programme.
In scientific research various instruments are used to evaluate lower extremity
muscle strength in individuals with a lower extremity amputation, such as isokinetic
dynamometers4,7,8,14, an Optical Testing of Isometric Moments (OpTIMo) device13, 10-repetition
maximum tests on resistance machines1 and handheld dynamometers (HHD).3,15 For daily
clinical practice a measurement has to be low in cost, non-time-consuming, portable and
easy to use, which is only the case for HHD measurements.16 Clinimetric properties for muscle
strength measurement obtained with a HHD are mainly established in able-bodied persons,
but are lacking for individuals with a lower extremity amputation.16
Various measurement techniques to evaluate hip abduction strength using a HHD are
described in the current literature.17-27 None of these measurement techniques is suitable for
individuals with a transfemoral amputation because of the positioning of the HHD in relation
to the absence of a knee or ankle joint. The main variations in execution are characterised by:
1) the participants’ position (side-lying or supine position), 2) the position of the HHD (slightly
proximal to the edge of the lateral femoral condyle or the lateral malleolus, respectively),
3) the use of additional fixation-belts, 4) the type of resistance technique used (‘breaktechnique’ or ‘make-technique’), 5) the use of additional portable devices to stabilise the
HHD.17-27
The aim of this cross-sectional study was to optimise a hip abduction strength
measurement technique for individuals with a lower extremity amputation, irrespective of
their level of amputation, and to test its reproducibility and validity. The optimisation of the
HHD measurement technique in this study involved three phases (Figure 1), in which two
techniques were evaluated. In both HHD-techniques the muscle strength of the participant
was assessed in supine position, a gravity neutralised position22, to prevent measurement
bias due to weight differences between the residual limb and sound limb. Additionally,
measurement variation is reduced by testing in a supine position compared to testing in a
side-lying position.24 A new cohort of participants was recruited for each phase of the study
(Figure 1). The COSMIN Checklist was followed for the preparation of the manuscript.28
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Figure 1. Flowchart study

PHASE 1: TEST-RETEST REPRODUCIBILITY OF HHD-TECHNIQUE 1

METHODS
The aim of this phase was to determine the within-session test-retest reproducibility of HHDtechnique 1; a break-technique without the use of an additional fixation-belt or portable
device to stabilise the HHD. We chose not to use any additional tools in order to make the test
as practical as possible and to improve easy implementation in daily clinical practice.
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Participants
All consecutive individuals within 3 months, with a lower extremity amputation who
followed a rehabilitation program in our centre or had a regular follow-up were eligible for
the study (Figure 1). A written informed consent was obtained from all participants prior
to the assessment. The study was conducted according to the principles of the Declaration
of Helsinki (64th version, 19-10-2013). The protocol of this phase of this study (registration
number 2012/547) was approved by the Ethics Committees of the Radboud university
medical centre. The individual displayed in Figure 2 has given written informed consent (as
outlined in PLOS consent form) to publish this image.

Study procedure
The test-retest muscle strength assessment was performed by a physiotherapy student (RvE)
following training from an experienced physiotherapist (RL). A pilot was performed where
three individuals were tested using the measurement technique to ensure standardisation
of the procedure. Both, the test and retest assessment were performed consecutively in
one session on the same day. Both assessments started with muscle strength testing of the
left limb followed by the right limb. The participants were offered sufficient time (at least 1
minute) to rest before the muscle strength test of each limb and between the assessments.
The muscle strength value was not visible for the rater during the test as the screen of the
HHD was positioned downwards (Figure 2a), to decrease the chance of measurement bias.

6

Figure 2. Assessment set-up
A: Handheld dynamometer-technique 1; B: Handheld dynamometer-technique 2, in default
supine position
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Testing procedure
Participants were positioned in supine position on a treatment table, which was covered with
an additional anti-slip mat to prevent sliding (Figure 2a). The participants held their arms by
their chest and the lower limbs were in neutral position (limbs shoulder-width apart). The
rater placed a marking on the skin to indicate the point where the force would be applied.
This mark was used for both the test and the re-test. The point was marked 20 centimetre
(cm) distal of the most prominent aspect of the greater trochanter. When participants had a
shorter residual limb, the lever-arm was adjusted and noted. Muscle strength was obtained
in Newton (N) using the break-technique with a portable HHD (MicroFET2TM, Hoggan
Scientific LLC., Salt Lake City, Utah, United States) including a 4 cm wide transducer pad.
In this procedure, the rater applied a resistance that was sufficient to counteract the force
generated by the participant, after which the rater gradually overcame the participants’ force
and stopped the moment the limb gave way. The lever-arm to the centre of the pad (22 cm)
was used to calculate the hip abduction torque value in Newtonmetre (Nm).
Following a warming-up of one submaximal contraction, all participants performed three
maximal contractions for 3 to 5 seconds with a 1-minute rest interval for each limb.22,24 The
highest score of the three maximal contractions was used for analysis.24 During all strength
measurements, verbal encouragement was given.22

6

Statistical analysis
Participant characteristics including sex, age, level of amputation and the length of the
residual limb were described.29 The residual limb length (cm) was measured from crotch to
the most distal end of the residual limb. The torque values (Nm) were calculated for both
the residual limb and the sound limb. The difference in muscle torque (Nm) between the
test and the retest was calculated. Categorical data were presented as exact numbers and
percentages were calculated for the various levels. For the continuous data, means and
standard deviations were calculated.
Reproducibility (test-retest) was divided in reliability and agreement parameters.30 Reliability
was tested using the intraclass correlation coefficient (ICC). ICC’s were calculated using a twoway mixed effect model (ICC3.1agreement) with 95% confidence intervals (CI). The Interpretation
of ICC values was based on guidelines offered by Byrt31: 0.01-0.20 poor reliability, 0.21-0.51
slight reliability, 0.41-0.60 fair reliability, 0.61-0.80 good reliability, 0.81-0.92 very good
reliability, and 0.93-1.00 excellent reliability. Standard error of measurement (SEMagreement)
and the smallest detectable change (SDCagreement) were calculated to assess agreement. Both
are expressed in the unit of the measurement (Nm). The SEM was calculated as SEMagreement=
√σ2error=√(σ2o+ σ2residual).32 The variance due to systematic differences between the observers
(σ2o) and the residual variance (σ2residual) were obtained from the varcomp analysis.32 The
SEMagreement was used to calculate the SDCagreement= 1.96 * √n * SEM.30 In this formula ‘n’ refers
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to the number of measurements, which is two in our study.30 Additionally, the SEM% and
SDC% were calculated as outcomes independent of the unit of measurement. The SEM% and
SDC% were calculated by dividing the SEM and the SDC, respectively, by the average torque
value of the test and the retest and then multiplying by 100.21,23 A Bland-Altman plot was
constructed to determine if there was bias in measurement error.33,34 This plot shows the
rater difference against the mean muscle torque. The plot visualises the relationship between
the measurement error and the observed value including the presence of systematic bias
and bias related to the magnitude of hip abduction strength.34 The 95% limits of agreement
(95% LoA) were shown in the plot (mean difference ± 1.96 SD of the difference). All analyses
were performed using IBM SPSS Statistics v22 (SPSS Inc., Chicago, Illinois, United States). In all
cases, two sided p-values <0.05 were considered to be statistically significant.

RESULTS

6

We included 26 participants (20 men) with a lower extremity amputation (Table 1). The mean
age of this group was 52 years (range: 24-80 years). We did not have to adjust the default
lever-arm of 22cm in any of the included participants (n=18) with a transfemoral amputation.
Table 1. Participant characteristics
Participant characteristics

Phase 1

Phase 2

HHD-technique 1

Phase 3
HHD-technique 2
Group A

Group B

n= 26

n= 44

n= 30

n= 7

20 (77)

28 (64)

18 (60)

4 (57)

51.7 (15.0)

53.9 (12.7)

33.1 (15.6)

18 (69)

35 (80)

NA

NA

21.4 (3.7)

21.1 (4.4)

NA

NA

- Through knee amputation, n (%)

1 (4)

1 (2)

NA

NA

- Transtibial amputation, n (%)

7 (27)

7 (16)

NA

NA

1 (2)

NA

NA

Male gender, n (%)
Age (yrs), mean (SD)

22.0 (1.9)

Amputation level
- Transfemoral amputation, n (%)
Length residual limb (cm), mean (SD)

- Foot amputation, n (%)

NA

HHD: handheld dynamometer; Yrs: Years; cm: Centimetre; SD: Standard deviation
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The test-retest reproducibility of HHD-technique 1 is summarised in Table 2. We found fair
to very good reliability (ICC3.1agreement: 0.80, 95% CI: 0.58-0.91) for the residual limb and very
good to excellent reliability (ICC3.1agreement: 0.92, 95% CI: 0.83-0.97) for the sound limb. The
SEM was 5.4 Nm and 3.1 Nm and the SDC was 15.1 Nm and 8.6 Nm in the residual limb and
the sound limb, respectively. The SEM% was 9.1% and 5.4% and the SDC% was 25.5% and
15.0% in the residual limb and the sound limb, respectively. The 95% LoA was -17.2 to 10.6
Nm and -9.6 to 6.8 Nm for the residual limb and the sound limb, respectively (Table 2 and
Figure 3).

6

Figure 3. Bland–Altman plots for within-rater differences and their relation to the
magnitude of hip abduction strength measured with HHD-technique 1
Nm: Newtonmetre; The solid line represents the mean difference (systematic bias) and
the dashed lines illustrate the 95% limits of agreement (mean difference ± 1.96 SD of the
difference)

Interpretation of the results
The reproducibility of HHD-technique 1 seemed good and no within-rater bias was present,
but the results questioned the internal validity of the measurement. The mean hip abduction
torque of the residual limb and sound limb were almost similar (Table 2), which did not
correspondent with our observations during walking. Furthermore, these results were
unexpected as no previous research reported on these.7,8 In the residual limb, Ryser et al.8
found a deficit of 28% in the hip abductor muscle torque and Kowal et al.7 found a deficit of
15% in the hip extensor muscle torque compared to the sound limb. We identified two possible
confounders which could have influenced the validity: 1) inconsistent participants’ fixation on
the table because of differences between participants’ capacity to fixate themselves on the
table with a residual limb or a sound limb, and 2) the relative high muscle strength values due
to the use of the short-lever-arm (22 cm) and the break-technique.20 High muscle strength
values can also influence the participants’ fixation on the table and may have led to biased
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results because the strength of the rater will more likely influence the outcome.35 Because of
these findings and possible confounders we adjusted the HHD-technique for the next phase,
resulting in HHD-technique 2.

PHASE 2: TEST-RETEST AND INTER-RATER REPRODUCIBILITY OF
HHD-TECHNIQUE 2

METHODS
The aim of this phase of the study was to determine the within-session test-retest and interrater reproducibility of HHD-technique 2. With this HHD-technique we strived to gather
internally valid outcomes by decreasing the torque values and increasing the participants’
fixation on the table (Figure 2b). Therefore, we changed to the use of a make-technique
and the use of additional fixation-belt. A potential advantage of using the make-technique is
that it reduces the influence of the strength of the rater on the outcomes, whereas a breaktechnique produces higher torque values.36,37
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Participants
All consecutive individuals within 30 months, with a lower extremity amputation who were
invited for a pre-operative assessment for a bone-anchored prosthesis between May 2014
and October 2016 were eligible for this part of the study (Figure 1).38 A written informed
consent was obtained from all participants prior to the assessment. The study was conducted
according to the principles of the Declaration of Helsinki (64th version, 19-10-2013). The
protocol of this phase of this study (registration number 2014/196) was approved by the
Ethics Committees of the Radboud university medical centre.

Study procedure
First, the test-retest assessments were performed by the first author (RL). Second, an
experienced colleague (GvH) performed an additional assessment to test the inter-rater
reproducibility. All assessments were performed consecutively in one session on the same
day. All assessments started with muscle strength testing of the left limb followed by the
right limb. The participants were offered sufficient time (at least 1 minute) to rest before
the muscle strength test of each limb and between the assessments. The muscle strength
value was not visible for the raters during the test as the screen of the HHD was positioned
downwards (Figure 2b), to decrease the chance of measurement bias.
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Testing procedure
The testing procedure of HHD-technique 2 was similar to HHD-technique 1, with the exception
of the following: 1) a make-technique was used and 2) an additional fixation-belt at the level
of the pelvis to fixate the participant on the table was used to prevent sliding (Figure 2b). This
kind of fixation has previously been described by Pua et al.22 The make-technique involved
a resistance, applied by the rater, that was sufficient to counteract the force generated by
the participant. The participant was instructed to gradually increase the force aiming at a
maximal contraction after 3 to 5 seconds.

Statistical analysis
Participant characteristics were calculated and presented in the same way as described in
phase 1 of the study. The torque values (Nm) of both the residual limb and the sound limb
were calculated. The difference in muscle torque (Nm) within the test-retest and within the
inter-rater assessment was calculated. ICC’s were calculated using a two-way mixed effects
model (ICC3.1agreement) with 95% CI for the test-retest reliability and using a two-way random
effects model (ICC2.1agreement) for the inter-rater reliability.32,34 The same parameters of
agreement calculate in phase 1 (SEMagreement, SDCagreement, SEM% and SDC%) were calculated in
this phase, for both the test-retest and the inter-rater reproducibility. The presence of bias in
measurement error was assessed using the 95% LoA. All analyses were performed using IBM
SPSS Statistics v22 (SPSS Inc., Chicago, Illinois, United States). In all cases, two sided p-values
<0.05 were considered to be statistically significant.

6

RESULTS
We included 44 participants (28 men) with a lower extremity amputation (Table 1). The
mean age of this group was 54 years (range: 27-78 years). In 3 out of 35 participants with a
transfemoral amputation we had to adjust the default lever-arm from 22 cm to 18 cm.
The test-retest reproducibility of HHD-technique 2 is summarised in Table 3. The test-retest
reliability was excellent for both the residual limb (ICC3.1agreement: 0.96, 95% CI: 0.93-0.98) and
the sound limb (ICC3.1agreement: 0.97, 95% CI: 0.94-0.99). The SEM was 4.7 Nm and 3.9 Nm
and the SDC was 12.9 Nm and 10.9 Nm in the residual limb and the sound limb, respectively.
The SEM% was 8.3% and 5.7% and the SDC% was 22.7% and 16.0% in the residual limb and
the sound limb, respectively. The 95% LoA was -14.1 to 10.9 Nm and -12.4 to 7.6 Nm for the
residual limb and the sound limb, respectively (Table 3 and Figure 4).
The inter-rater reproducibility of HHD-technique 2 is summarised in Table 4. The interrater reliability was fair to excellent for the residual limb (ICC2.1agreement: 0.92, 95% CI: 0.590.97) and very good to excellent for the sound limb (ICC2.1agreement: 0.92, 95% CI: 0.84-0.96).
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The SEM was 6.9 Nm and 7.6 Nm and the SDC was 19.2 Nm and 21.2 Nm in the residual limb
and the sound limb, respectively. The SEM% was 11.6% and 11.0% and the SDC% was 32.8%
and 30.8% in the residual limb and the sound limb, respectively. The 95% LoA was -20.9 to
7.3 Nm and -23.9 to 16.5 Nm for the residual limb and the sound limb, respectively (Table 4
and Figure 4).
The measurements of both rater 1 as rater 2 identified an asymmetry in muscle torque
between the two limbs. The muscle torque of the residual limb was 11 to 16% lower than the
muscle torque of the sound limb.

6

Figure 4. Bland–Altman plots for within-rater and between-rater differences and their
relation to the magnitude of hip abduction strength measured with HHD-technique 2
Nm: Newtonmetre; The solid line represents the mean difference (systematic bias) and
the dashed lines illustrate the 95% limits of agreement (mean difference ± 1.96 SD of the
difference)
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58.0 (11.0)

-1.4 (4.2)

-3.3 (7.1)

mean (SD)

Diff test-retest (Nm)

-9.6; 6.8

-17.2; 10.6

95% LoA (Nm)

0.92 (0.83-0.97)*

0.80 (0.58-0.91)*

ICC3.1agreement (95% CI)

3.1

5.4

(Nm)

5.4

7.4

SEMagreement SEM%

8.6

15.1

(Nm)

15.0

25.5

SDC agreement SDC%

69.4 (24.6)

-2.4 (5.1)

-1.6 (6.4)

mean (SD)

Diff test-retest (Nm)

-12.4; 7.6

-14.1; 10.9

95% LoA (Nm)

0.97 (0.94-0.99)*

0.96 (0.93-0.98)*

ICC3.1agreement (95% CI)

3.9

4.7

(Nm)

5.7

8.3

SEMagreement SEM%

10.9

12.9

(Nm)

16.0

22.7

SDC agreement SDC%

67.0 (24.5)

Sound limb (n= 44)

70.7 (27.9)

62.9 (26.1)
-3.7 (10.3)

-6.8 (7.2)

-23.9; 16.5

-20.9; 7.3

95% LoA (Nm)

0.92 (0.84-0.96)*

0.92 (0.59-0.97)*

ICC2.1agreement (95% CI)

7.6

6.9

(Nm)

SEMagreement

11.0

11.6

SEM%

21.2

19.2

(Nm)

30.8

32.3

SDC agreement SDC%

interval; SEM: Standard error of measurement; SDC: Smallest detectable change; %: Percentage; *: p<0.001

HHD: handheld dynamometer; Nm: Newtonmetre; SD: Standard deviation; Diff: Difference; LoA: limits of agreement; ICC: Intraclass correlation coefficient; CI: Confidence

56.1 (22.9)

mean (SD)

mean (SD)

mean (SD)

Tester 2 (Nm) Diff test-retest (Nm)

Tester (Nm)

Residual limb (n= 44)

Tested limb

Table 4. Phase 2: Inter-rater reproducibility HHD-technique 2

interval; SEM: Standard error of measurement; SDC: Smallest detectable change; %: Percentage; *: p<0.001

HHD: handheld dynamometer; Nm: Newtonmetre; SD: Standard deviation; Diff: Difference; LoA: limits of agreement; ICC: Intraclass correlation coefficient; CI: Confidence

67.0 (24.5)

Sound limb (n= 44)

57.8 (23.3)

mean (SD)

mean (SD)

56.1 (22.9)

Retest (Nm)

Test (Nm)

Residual limb (n= 44)

Tested limb

Table 3. Phase 2: Test-retest reproducibility HHD-technique 2

interval; SEM: Standard error of measurement; SDC: Smallest detectable change; %: Percentage; *: p<0.001

HHD: handheld dynamometer; Nm: Newtonmetre; SD: Standard deviation; Diff: Difference; LoA: limits of agreement; ICC: Intraclass correlation coefficient; CI: Confidence

56.5 (11.0)

Sound limb (n= 26)

60.8 (12.9)

mean (SD)

mean (SD)

57.5 (11.0)

Retest (Nm)

Test (Nm)

Residual limb (n= 26)

Tested limb

Table 2. Phase 1: Test-retest reproducibility HHD-technique 1
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Interpretation of the results
The test-retest reproducibility of HHD-technique 2 was good. The reliability had increased
(ICC3.1agreement: 0.96 – 0.97 versus ICC3.1agreement: 0.80 – 0.92) and the SEM was similar (3.9 –
4.7 Nm versus 3.1 – 5.4 Nm), compared to HHD-technique 1 (Table 2 and 3). The SDC of the
residual limb was better (12.9 Nm versus 15.1 Nm) and the SDC of the sound limb was slightly
worse (10.9 Nm versus 8.6 Nm), relative to HHD-technique 1. No within-rater bias was found,
but there were suspicions for systematic bias and bias related to the magnitude of the muscle
torque within the inter-rater test, in particular for the test of the residual limb. On average,
the values of the second rater were higher than those from the first rater. The difference
between raters increased when the subjects exhibited larger hip abduction strength (Figure
4).
We found a muscle torque deficit up to 16% in the residual limb compared to the sound
limb. This is in line with previous research, where deficits of 15 to 28% are described.7,8 Based
on these results we were more confident that the internal validity of HHD-technique 2 was
superior to HHD-technique 1. To test the internal validity of HHD-technique 2, phase 3 of this
study was conducted.

6

PHASE 3: CONCURRENT VALIDITY OF HHD-TECHNIQUE 2

METHODS
The aim of this phase was to determine the concurrent validity of HHD-technique 2 using
an isokinetic dynamometer. In the HHD assessment the default participants’ position was
a supine position, a gravity neutralised position22, to prevent measurement bias due to
different weight of the residual limb and sound limb. The default position for participants
during the isokinetic dynamometer assessment was a side-lying position. This could not be
changed, therefore this phase of the study involved two parts (Figure 1): 1) assessment of
the concurrent validity of HHD-technique 2 in supine position and 2) assessment of the hip
abduction strength using HHD-technique 2 in side-lying position. The aim of the second part
was to rule out bias resulting from of the participants’ position on the table.

Participants
This phase of the study was conducted at the HAN University of Applied Sciences. All
physiotherapy students of the HAN and their relatives were eligible for this part of the study.
They were recruited within a time period of three months using posters, leaflets and social
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media. All included participants were assessed in supine position (group A). Twenty-five
percent of these participants (group B) were randomly selected, based on their availability,
to also perform the HHD assessment in side-lying position (Figure 1). A written informed
consent was obtained from all participants prior to the assessment. The study was conducted
according to the principles of the Declaration of Helsinki (64th version, 19-10-2013). The
protocol of this phase of this study (registration number 2014/196) was approved by the
Ethics Committees of the Radboud university medical centre. The individual displayed in
Figure 5 has given written informed consent (as outlined in PLOS consent form) to publish
this image.

Study procedure
The HHD assessment and the isokinetic dynamometer assessment were performed by trained
physiotherapist students (respectively by YB and JD). A pilot, including three individuals, was
performed to ensure standardised tested methods. In part 1, the participants (group A)
were randomised into two groups using opaque sealed envelopes. One group started with
the HHD assessment followed by the isokinetic dynamometer assessment. The other group
had a counterbalanced programme in order to avoid bias as result of fatigue. In part 2, the
participants (group B) performed an additional HHD assessment, in side-lying position, one
week after the initial assessment.
Both assessments started with muscle strength testing of the left limb followed by the
right limb. The participants were offered sufficient time (at least 1 minute) to rest before the
muscle strength assessment of each limb and between the assessments.

6

Testing procedure
In part 1, HHD-technique 2 was used as previously described in phase 2. For comparison
we obtain the isometric maximum voluntary contraction (Nm) of the hip abductor using
an isokinetic dynamometer (Humac Norm, Computer Sports Medicine Inc., Stoughton,
Massachusetts, United States). When using the Humac Norm, the participants were positioned
in side-lying position with a fixation-belt on the thigh of the non-tested limb (Figure 5a). The
stabiliser pad of the Humac Norm was positioned on the tested limb, 20 cm distal of the
most prominent aspect of the greater trochanter. Following a warming-up of one submaximal
contraction, all participants performed three maximal contractions of 3 to 5 seconds with a
1-minute rest interval for each limb.22,23 The highest score was used for analysis.23 During all
strength measurements verbal encouragement was given.22
In part 2, hip abduction strength using HHD-technique 2 in side-lying position was tested
(Figure 5b). The position of the fixation-belt was adjusted so that it was similar to the fixation
on the Humac Norm. The testing procedure was similar to the procedure described in part 1.

150

Chapter 6 | Hip abductor strength measurement technique

Figure 5. Assessment set-up
A: Humac Norm; B: Handheld dynamometer-technique 2, in side-lying position

Statistical analysis

6

Participant characteristics including sex, age were calculated and presented in the same
way as described in phase 1 of this study. The highest muscle torque values (Nm) of the left
and the right limb were pooled. The difference in muscle torque values (Nm) obtained with
HHD technique-2 and the Humac Norm were calculated. The concurrent validity between
the muscle torque detected by HHD-technique 2 and the Humac Norm was determined by
calculating the two-way mixed effects model (ICC3.1consistency) with 95% CI.39 The presence of
bias in measurement error was assessed using the 95% LoA. To determine bias resulting from
the participants’ position on the table we analysed the muscle torque differences between
the HHD-technique 2 in supine and side-lying position using the Wilcoxon signed-rank test.
All analyses were performed using IBM SPSS Statistics v22 (SPSS Inc., Chicago, Illinois, United
States). In all cases, two sided p-values <0.05 were considered to be statistically significant.

RESULTS
We included 30 healthy participants (group A), of which 18 men. The mean age of this group
was 33 years (range: 20-64 years). The subgroup that was also assessed in side-lying position
(group B) consisted of 7 participants (4 men), with a mean age of 22 years (range: 20-25
years) (Table 1).
Results of the comparison of HHD-technique 2 to the Humac Norm outcomes (Table 5)
revealed that the concurrent validity was good to very good (ICC3.1consistency: 0.84, 95% CI: 0.690.92), but that there was a systematic bias in measurement error (Figure 6). Hip abduction
torque measured with the HHD was 28% higher than when the muscle torque was measured
with the isokinetic dynamometer. The 95% LoA was -9.9 to 54.7 Nm (Table 5 and Figure 6).
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The hip abduction torque of the sample (n= 7) that performed the HHD-technique 2 both
in supine and in side-lying position was 107.1 (9.0) Nm and 104.1 (21.5) Nm, respectively.
Comparison of these results showed that the participants’ position did not influence the
outcome (p= 0.799). The hip abduction torque on the Humac Norm was 93.1 (31.9) Nm in
this sample.
Table 5. Phase 3: Validity HHD-technique 2
Type of instrument

Torque (Nm)

Difference HHD-Humac

mean (SD)

(Nm) mean (SD)

HHD (n= 30)

103.7 (29.3)

22.4 (16.5)

Humac Norm (n= 30)

81.3 (28.9)

95% LoA (Nm)

ICC3.1consistency
(95% CI)

-9.9; 54.7

0.84 (0.69-0.92)*

HHD: Handheld dynamometer; Nm: Newtonmetre; SD: Standard deviation; LoA: limits of agreement *: p<0.001

6

Figure 6. Bland–Altman plot for between-device differences and their relation to the
magnitude of hip abduction strength measured with HHD-technique 2 and Humac norm
Nm: Newtonmetre; The solid line represents the mean difference (systematic bias) and
the dashed lines illustrate the 95% limits of agreement (mean difference ± 1.96 SD of the
difference)

Interpretation of the results
The concurrent validity of HHD-technique 2 was good in healthy subjects and the participants’
position did not result in biased results. A systematic bias in measurement error was present.
The muscle torque measurement with a HHD resulted in a consistent overestimation of the
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hip abduction torque compared to measurement with an isokinetic dynamometer. The mean
overestimation was 28%.

DISCUSSION
The reproducibility of both presented HHD-techniques was good, however HHD-technique
1 may have resulted in less valid outcomes. This was illustrated by the absence of muscle
torque asymmetry between the residual limb and sound limb. The second phase of this study
revealed that an adjustment of HHD-technique 1, by adding a fixation-belt and changing
the type of resistance (HHD-technique 2), may have led to internal valid outcomes. This
was confirmed in phase 3 of this study. However, hip abduction torque measured by a HHDtechnique 2 overestimated the muscle torque while the gold standard measurement revealed
lower muscle torque values. Because the overestimation is consistent it is possible to convert
values obtained with a HHD-technique 2 to isokinetic dynamometer values.
The test-retest reliability of HHD-technique 2 (ICC3.1agreement 0.96 – 0.97) was similar
as previously reported HHD test-retest reliability (ICC 0.74 – 0.98)17,22,24,25 and intra-rater
reliability (ICC 0.81 – 0.96)18-21,26,27 of hip abduction strength measurements. The inter-rater
reliability of HHD-technique 2 (ICC2.1agreement 0.92) was better than outcomes reported in
previous studies (ICC 0.58 – 0.88).18,20,23,26,27 These findings suggest that the test-retest and
inter-rater reliability of HHD-technique 2 is sufficient. This means that, despite measurement
errors, HHD-technique 2 is appropriate to distinguish individuals with a lower extremity
amputation from each other.30 Krause et al.20 previously stated that a short lever-arm could
negatively influence the level of reliability. This was not confirmed in our study as the results
showed very good to excellent reliability for HHD-technique 2.
Agreement parameters for HHD measurements of hip abduction strength are scarcely
described in the current literature.18,19,21-24 This makes comparison difficult, partly because
the SEM and SDC are reported in various units of the measurement. Newton19,21,23,24,
Newtonmetre18,22,26 and kilogram27 were used, but information concerning the exact leverarm was missing hereby eliminating the possibility to recalculate the outcomes. In four
studies21,23,24,27 the SEM% and/or SDC% was described, and in three other studies19,22,26
there was enough data available to calculate them. Because both the SEM% and SDC% are
independent of the unit of measurement it was possible to compare our HHD-technique
2 results to these studies. The test-retest SEM% and SDC% of HHD-technique 2 ranged
from 5.7 to 8.3% and 16.0 to 22.7%, respectively. These results are within the range found
in the literature19,22,24,26; 2.9 to 13.7% for the SEM% and 8.1 to 31.7% for the SDC%. These
findings combined with the absence of bias in measurement error, as illustrated in Bland and
Altman plots (Figure 4), show that HHD-technique 2 is a valuable tool for test-retest repeated
measurements to identify changes in hip abduction strength in patients with a lower extremity
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amputation. The inter-rater SEM% and SDC% of HHD-technique 2 ranged from 11.0 to 11.6%
and 30.8 to 32.3%, respectively. The literature21,23,26,27 shows similar values; 3.3 to 20.2% for
the SEM% and 9.4 to 26.7% for the SDC%. The large inter-rater SDC% and the fact that the
results raised suspicions for (systematic) bias in measurement error, also illustrated in Bland
and Altman plots (Figure 4), limits applicability of HHD-technique 2 in an inter-rater clinical
practice. A possible explanation for these results is the presence of variation in rater strength.
Between-rater bias as result of variation in rater strength is, particularly found in
measurements of hip abduction strength with a short lever-arm.35 The level of betweenrater bias may be decreased with the use of an external device to fixate the HHD instead of
stabilisation by a human rater.23 Despite the use of an external device, less desirable results
were found in short-lever set-ups than in long-lever set-ups.23 The short-lever set-up used
by Thorburg et al.23, was a HHD placement just above the knee. This is much longer than
the lever-arm we used (22 cm). Using external devices to stabilise the HHD could potentially
increase both the test-retest as inter-rater agreement parameters of HHD-technique
2. Therefore, the use of external devices to stabilise the HHD within HHD-technique 2 is
worthwhile to explore, but the use of a longer lever-arm is not an option for individuals with
a transfemoral amputation.
The concurrent validity of HHD-technique 2 (ICC3.1consistency: 0.84, 95% CI: 0.69-0.92) is
good to very good and is similar to the concurrent validity of other HHD-techniques used to
obtain hip abduction strength.17,18 Aramaki et al.17 found a Pearson’s correlation coefficient of
0.82 in healthy young adults. Hebert et al.18 found an ICC3.1 of 0.69 in healthy adolescents.
On average, HHD-technique 2 produced a 28% higher hip abduction strength value than the
isokinetic dynamometer. This illustrates that the instruments are not interchangeable. This
is a problem when both instruments are used interchangeably within the evaluation of the
muscle strength of one individual, but this is not likely in daily clinic. However, these findings
must be taken into account when comparing different cohorts, as different research studies
often use different testing methods. We did not use a gravity-correction within the analysis of
the assessments in side-lying position. This may led to lower hip abduction torque values and
is thus a possible confounding factor.40 Previous research of the concurrent validity of manual
muscle testing with a portable HHD revealed inconsistent results; higher41, lower42,43 but also
similar magnitude17,44-46 of the muscle strength have been described when compared to the
assessment with an isokinetic dynamometer. Thus, the difference in muscle strength found
in this study between the assessments with the HHD and the isokinetic dynamometer is not
surprising. More important to note is that the difference was consistent in relation to the
magnitude of the hip abduction strength (Figure 6). Therefore it is possible to convert values
obtained with HHD-technique 2 to isokinetic dynamometer values.
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Strengths and limitations
An important strength of this study is that it resulted in a test-retest reproducible and valid
measurement technique to evaluate hip abduction strength in patients with a lower extremity.
A measurement technique like this was absent up to now. A second strength, is that we
used a stepwise approach to optimise the HHD-technique where the findings of the first step
were used to improve the HHD-technique. This approach resulted in the following insights:
a fixation belt is of added value, an inter-rater setting is not desirable and the procedure can
be standardised except for the lever-arm. Deviating from the default lever-arm of 22 cm is
rarely needed, but when necessary it is possible to so because the unit of measurement is
Nm. A third strength, is the sample size (26 to 44 participants) within the various phases of
the study. The sample in this study is much larger than previous clinimetric studies regarding
assessment of hip abduction strength17-19,21-25,35, which ranged from 9 to 20 participants.
Despite the lack of an a priori power calculation we are confident that our study was sufficient
powered. Previous studies22,23 that conducted an a priori power calculation determined that
a sample size of 18 to 19 participants was necessary to achieve an acceptable ICC of at least
0.70.
A few limitations were identified. First, the point of force application was marked by the
first rater on the skin one time and reused during subsequent assessments. A new point was
marked only for the HHD test in side-lying position in phase 3, which was executed a week after
the assessment in supine position. We chose to reuse the point marked to rule out differences
in lever arm between the assessments. In a clinical practice with repeated measures, reusing
the same marking point is not possible. This could lead to additional measurement variation
of the within-rater and the between-rater results due to inconsistency in the placement of
the force application. Second, the test-retest and inter-rater reproducibility was tested in
one session on the same day which potentially could have resulted in recall bias of both
the participant and the rater. Also the assessments to test the validity where in one session
on the same day. The following reduced the chance on biased results: the muscle strength
testing were alternated between the left limb followed by the right limb, sufficient time
was taken between the assessments and the rater could not see the muscle strength value
during the test. In clinical practice a retest of the muscle function is typically performed over
a period of several weeks. However, in our study we assessed test-retest performance on the
same day. We chose this procedure because the muscle strength of the included participants
with a lower extremity amputation might have otherwise changed over time because the
participants followed a rehabilitation programme (phase 1) or had surgery on a very short
notice (phase 2). Whether test-retest performance is adequate over a longer period of time
needs to be established in a stable population of patients. Third, changing HHD-technique 1
into HHD-technique 2 resulted in an asymmetry in muscle torque of the residual limb and
sound limb which was expected7,8, but the muscle torque did not decrease. We expected a
reduction in muscle torque36,37, because a make-technique instead of a break-technique was
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used in HHD-technique 2. We aimed to achieve lower muscle torque values because this may
positively influence the participants’ fixation on the table and decrease the level of betweenrater bias as result of variation in rater strength. A possible explanation for the absence of the
muscle torque decrease may be that the true muscle strength of the participants in phase 2
was greater than that of the participants of phase 1 of this study. Another explanation may
be the influence of the short-lever arm on the magnitude of the muscle torque. This may
be so large that the effect of change in the type of resistance is irrelevant. Despite the high
muscle torque values we did not find a ceiling effect in our study, illustrated by the Bland–
Altman plots (Figure 3 and 4). To avoid a ceiling effect, which negatively influences the level
of reproducibility, it is important that the strength of the rater is sufficient to overcome the
strength of the participant. A possible advantage of the make-technique is that it is more
comfortable and have shown a lower risk for injury than the break-technique.18 Finally, HHDtechnique 2 was validated within a healthy subject population while it was optimised for
individuals with a lower extremity amputation. This could affect the generalisability of our
results, because the magnitude of the muscle torque in healthy subjects is greater than that
of individuals with a lower extremity amputation. However, the Bland and Altman plot (Figure
6) showed that the level of overestimation of the muscle torque by the HHD assessment was
not related to the magnitude of the muscle torque. We do recommend that future studies
include individuals with a lower extremity amputation to further validate HHD-technique 2.
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CONCLUSION
HHD-technique 2 is a valuable test-retest measurement technique to assess hip abduction
torque in individuals with a lower extremity amputation. It is not recommended to use the
test in a setting where the measurements are performed by various raters. The validity was
established in healthy subjects. Future research could establish validity of the HHD-technique
2 in individuals with a lower extremity amputation and explore the potential advantage of
incorporating an external stabilisation device to further optimise this technique.
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ABSTRACT
Introduction
Measuring coronal plane gait kinematics of the pelvis and trunk during rehabilitation of
participants with a lower extremity amputation is important to detect asymmetries in gait
which are hypothesised as associated with secondary complaints. The aim of this study was
to test the reproducibility and discriminant validity of a three-dimensional (3-D; inertial
measurement units) and a two-dimensional (2-D; video-based) system.

Methods
We tested the test-retest and inter-rater reproducibility of both systems and the 2-D system,
respectively, in participants with a lower extremity amputation (group 1) and healthy subjects
(group 2). The discriminant validity was determined with a within-group comparison for the
3-D system and with a between-group comparison for both systems.
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Results
Both system showed to be test-retest reliable, both in group 1 (2-D system: ICC3.1agreement 0.520.83; 3-D system: ICC3.1agreement 0.81-0.95) and in group 2 (3-D system: ICC3.1agreement 0.330.92; 2-D system: ICC3.1agreement 0.54-0.95). The 2-D system was also inter-rater reliable (group
1: ICC2.1agreement 0.80-0.92; group 2: ICC2.1agreement 0.39-0.90). The within-group comparison of
the 3-D system revealed a statistically significant asymmetry of 0.4°-0.5° in group 1 and no
statistically significant asymmetry in group 2. The between-group comparison revealed that
the maximum amplitude towards the residual limb (MARL) in the low back (3-D system) and
the (residual) limb - trunk angle (2-D system) were significantly larger with a mean difference
of 1.2° and 6.4°, respectively, than the maximum amplitude of healthy subjects. However,
these average differences were smaller than the smallest detectable change (SDC) of group
1 for both the MARL (SDCagreement: 1.5°) and the residual limb - trunk angle (SDCagreement: 6.7°7.6°).

Conclusion
The 3-D and 2-D systems tested in this study were not sensitive enough to detect real
differences within and between participants with a lower extremity amputation and healthy
subjects although promising reproducibility parameters for some of the outcome measures.
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INTRODUCTION
Asymmetries in spatiotemporal1-6, kinematic7-12 and kinetic9,12,13 parameters during gait are
common in individuals with a lower extremity amputation. These asymmetries are associated
with increased metabolic energy cost14-16 and low back pain.17,18 Especially, the asymmetries
in the coronal plane kinematic parameters of the pelvis and trunk lead to increased joint and
muscle forces and may therefore contribute to higher low back injury risk.18-20 Low back pain is
in 52-84% of the individuals with a lower extremity amputation a secondary disability.17,18,21-23
Therefore, rehabilitation programmes typically focus on optimising gait symmetry.14,24-26
Evaluating gait parameters in daily clinical practice to track the patient’s progress during
the rehabilitation is challenging. Spatiotemporal parameters can be measured quite easily
with a transducer27 or ‘GAITRite walkway system’.28,29 For obtaining kinematic and kinetic
parameters a three-dimensional (3-D) motion capture system such as ‘Vicon’ is the gold
standard. However, it is not suitable in daily clinical practice because it is high in cost, timeconsuming and not portable.30,31 The ‘gait real-time analysis interactive lab’ (GRAIL)32 and
‘computer-assisted research environment’ (CAREN)14 have an added option to use real-time
visual feedback and virtual reality to enhance the integration of these systems in rehabilitation
programmes. However, both systems have the same limitations as the Vicon system.
Alternatively, wireless movement analysis systems using body-worn sensors (e.g.
Valedo®Motion from Hocoma or MVN Biomech from Xsens) can be used: they are cheaper
and easy to use. Additionally, they have the ability to provide real-time visual feedback.33-37
These clinical feasible systems measure the 3-D angular tilt and velocity of body segments with
respect to magnetic fields and gravity using multiple small light weight inertial measurement
units (IMU).38,39 The degree of accuracy and reproducibility is specific to the used anatomical
landmark and IMU-system.34,40 Another option for obtaining kinematic data is using a twodimensional (2-D) video-based system (e.g. Dartfish from Dartfish Inc.)41,42, which is also
inexpensive and easy to use, although current drawbacks are the absence of real-time visual
feedback and the limited validity compared to 3-D systems because the measured kinematic
constructs differ from each other.41-43
The aim of this cross-sectional study was to test the reproducibility and discriminant
validity (whether a method was able to detect asymmetries and/or distinguish groups) of
two measurement methods for collecting coronal plane gait kinematics in participants with a
lower extremity amputation in daily clinical practice. We obtained the kinematic parameters
using both an IMU-system and a 2-D video-based system. Additionally, we measured healthy
subjects with both systems in order to gather norm values and to determine the discriminant
validity (Figure 1).
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Figure 1. Flowchart study
ValedoMotion: the inertial measurement units system; Dartfish: the two-dimensional videobased system

METHODS
We tested the test-retest reproducibility and the discriminant validity of both an IMU-system
(Valedo®Motion, Hocoma, Volketswil, Switzerland) and a 2-D video-based system (Dartfishsoftware, Dartfish, Fribourg, Switzerland). We also determined the inter-rater reproducibility
of the 2-D video-based system. A priori we verified the accuracy of the IMU-system using a
goniometer in an experimental setting (Appendix A). This experiment showed that the IMU
system had an excellent accuracy, but a slight asymmetry (0.2 to 0.7 degree) in maximum
amplitude between left and right was present. The COSMIN Checklist was followed for the
preparation of the manuscript to ensure methodological quality.44
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Participants
Two groups participated in this study (Figure 1). Group 1: all consecutive individuals with
a lower extremity amputation who followed a rehabilitation program in our centre or had
a regular follow-up within a time period of three months were eligible for the study if they
walked unaided. Group 2: healthy subjects who were relatives or acquaintances of the
researchers were approached to participate in the study. Prior to the assessment a written
informed consent was obtained from all participants. The study was conducted according
to the principles of the Declaration of Helsinki (64th version, 19-10-2013). The protocol
(registration number 2012/547) was approved by the Ethics Committee of the Radboud
university medical centre. The individuals displayed in Figure 2 had given written informed
consent (as outlined in PLOS consent form) to publish this image.

Study procedure
The test-retest assessment was performed by a physiotherapy student (BvD), following training
from an experienced physiotherapist (RL). The training included a pilot measurement in three
healthy individuals to ensure standardisation of the procedure. Both, the test- and retest-
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assessment were performed consecutively in one session on the same day. The participants
were offered sufficient time (at least 5 minutes) to rest between the two assessments. During
an assessment the participant wore simultaneously two IMU’s and four tape-markers. The
tape-markers were used to facilitate the analysis with the 2-D video-based system. The IMU’s
and tape-markers were removed after the first assessment and reattached after the break.

Testing procedure
The IMU-system consisted of three wireless IMU’s containing a tri-axillar gyroscope,
magnetometer, and accelerometer with a fixed axle system. Two of the IMU’s were designed
for positioning on an anatomical landmarks (low back and pelvis) using double-sided tape,
the third IMU was designed for calibrating the low back and pelvic IMU using an additional
reference holder including a level instrument (Appendix A, Figure A.3). In the calibration
process the orientations of the IMU’s following the magnetometer are used to determine the
zero-angles, which are the measured rotation angles at which the patient is standing upright.
The calibrated rotations were measured using a sampling frequency of 300 Hz and exported
to a notebook (Hewlett-Packard).
Each assessment started with the attachment of IMU’s using double-sided tape. The
pelvic IMU was positioned on the basis of the sacrum (at the height of the posterior superior
iliac spine). An applicator was used to determine the position of the low back IMU, which
was 17.5 centimetre (cm) cranial of the pelvic IMU (Figure 2). Thereafter, the 1.0 by 1.0 cm
tape-markers were placed on: 1) the anterior superior iliac spine (ASIS) on both sides, 2)
the proximal part of the manubrium, and 3) 30 cm distal of the ASIS on the ventral side of
the residual limb or a randomly selected limb in group 1 or group 2, respectively (Figure
2). After calibrating the IMU’s the participants were instructed to walk three times up and
down a 15-meter long walkway, on self-selected comfortable walking speed. The gait of the
participants was recorded at 50 frames per second (1080/50p) using a camcorder (Panasonic
HC-X920, Panasonic Netherlands, ‘s-Hertogenbosch, The Netherlands). At the start of each
assessment day the location of the experiment was checked for magnetic fields using the
Valedo®Motion software. Participants and researchers where instructed to keep cell phones
out of the measuring location to avoid magnetic interference.

7

Data analysis
We analysed the coronal plane kinematic parameters of the low back and pelvic IMU. Of each
assessment we only analysed the data of the three trials towards the camera because this was
the orientation in which the IMU’s were calibrated. MATLAB (Release 2015b, The MathWorks
Inc., Natick, Massachusetts, United States) was used to process the csv-file containing the
raw data (Appendix A, Figure A.4). First, a filter was used to get rid of low frequencies caused
by substantial integration drift picked up over the duration of the trial measurement, and
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high frequencies as a result of soft-tissue, and skin artefacts and high frequency noise.45,46
The angle output of the IMU’s was filtered using a band-pass filter (bi-directional 2nd order
Butterworth filter, low-pass frequency of 5 Hz, high-pass frequency of 0.3 Hz). Second, the
transition in the data between the way towards the camera and the way back was defined
manually by an engineer (LD) who performed the data analysis of both the test- and the
retest-assessment. Third, a MATLAB protocol was used to automatically detect peak angles
for each trial based on an expected cadence interval within 0.5 and 2 Hz; due to the nature
of the automated detection, negative peak angles (maximum amplitude to the right; MAR)
were identified in between two positive peak values (maximum amplitude to the left; MAL)
resulting in an unequal number of peaks to the right and to the left. Fourth, the detected
peaks were visually checked and manually corrected if necessary before proceeding. Finally,
we calculated the average for both the MAL and the MAR for each assessment. Additionally,
the extent of asymmetry within each assessment was calculated as the average difference
between MAL and MAR, resulting in a symmetry value. For the healthy subject (group 2),
the MAL and MAR of the low back IMU represented the maximum lateral flexion angle to
the left or to the right, respectively. The MAL and MAR of the pelvic IMU represented a
lateral tilt angle to the left or to the right, respectively. For the participants with a lower
extremity amputation (group 1) the direction of the movement was related to the side of the
amputation; maximum amplitude towards the residual limb (MARL), maximum amplitude
towards the sound limb (MASL), symmetry value (difference between MARL and MASL).
The 2-D video-based system (Dartfish-software) was used for photo goniometry. The video
was played in slow motion and frame-by-frame, and was paused during the mid-stance phase
of the fourth gait cycle of the second trial towards the camera. This moment was chosen
to ensure that the gait was constant and to standardise the measurement. Within the still
image the graphical goniometer included in the software was used to perform on-screen
measurements. We measured the pelvis- limb (A) and pelvis- trunk angles (B) in degrees using
the tape-markers (Figure 2). These angles were used to calculate an overall angle (limb- trunk
angle; C) by the formula: C= A + (180 - B). The limb - trunk angle represents the posture in
coronal plane with respect to global space. A larger angle represents a posture with a greater
ipsilateral lateral flexion of the trunk and/or a greater abduction of the (residual) limb during
the mid-stance phase. To determine the test-retest reproducibility of the 2-D video-based
system the test-assessment was analysed twice with 4 weeks in between by a physiotherapy
student (ER). A second physiotherapy student (RvE) assessed the test-assessment as well to
establish the inter-rater reproducibility.

7

Statistical analysis
Participant characteristics including sex, age, level of amputation and type of prosthesis were
described. The test-retest reproducibility was determined for both the IMU-system (low back
and pelvic IMU) and the 2-D video-based system. The inter-rater reproducibility was only
168

Chapter 7 | Measurement methods to obtain coronal plane gait kinematics

relevant to determine for the 2-D video-based system. The difference in angles (degrees)
within the test-retest and within the inter-rater assessment was calculated. The discriminant
validity of the IMU system was determined by a within-group comparison and between-group
comparison. In the within-group comparison the MARL was compared to the MASL (group
1) and the MAL was compared to the MAR (group 2). In the between-group comparison the
MARL and MASL (group 1) were compared to the average of MAL and MAR (group 2). The
discriminant validity of the 2-D video-based system was determined by a between-group
comparison. All data were checked for normality and if applicable for equality of variance.
The within-group analysis were evaluated with a paired T-test. The between-group analysis
were evaluated with an independent T-test or the Welch test. The categorical data were
presented as exact numbers and percentages and were calculated for the various levels. For
the continuous data, means and standard deviations were calculated.

7

Figure 2. Position of the IMU’s and tape-markers
Left: low back (upper) and pelvic (lower) IMU; Middle: tape-markers; Right: on-screen
measurement of angle A= pelvis – limb angle and angle B= pelvis - trunk angle. Limb - trunk
angle= A + (180 - B)= 187,6° (in this example).
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Test-retest and inter-rater reproducibility were both divided in reliability and agreement
parameters.47 Reliability was tested using the intraclass correlation coefficient (ICC) with
95% confidence intervals (CI). ICC’s were calculated using a two-way mixed effects model
(ICC3.1agreement) with 95% CI for the test-retest reliability and using a two-way random effects
model (ICC2.1agreement) for the inter-rater reliability.48,49 Agreement was assessed by calculating
the standard error of measurement (SEMagreement) and the smallest detectable change
(SDCagreement). Both are expressed in the unit of the measurement (degrees). The SEM was
calculated as SEMagreement= √σ2error=√(σ2o+ σ2residual).48 The variance due to systematic differences
between the observers (σ2o) and the residual variance (σ2residual) were obtained from the
varcomp analysis.48 The SEMagreement was used to calculate the SDCagreement= 1.96 * √n * SEM.47
In this formula ‘n’ refers to the number of measurements, which is two in our study.47 A BlandAltman plot including 95% limits of agreement (95% LoA) was constructed to determine
if there was bias in measurement error.49,50 The interpretation of ICC values was based on
guidelines offered by Byrt51 (Appendix A, statistical analysis). All analyses were performed
using IBM SPSS Statistics v22. In all cases, two sided p-values <0.05 were considered to be
statistically significant.

7
RESULTS
Group 1 consisted of 25 participants with a lower extremity amputation (21 men) and group
2 consisted of 41 healthy subjects (19 men) as presented in Table 1. The mean age was 51
and 29 years in group 1 and 2, respectively. In group 1, 11 participants used a socket attached
prosthesis (transfemoral: 4, through knee: 1, transtibial: 6) and 14 participants used a boneanchored prosthesis (transfemoral: 13, transtibial: 1). In 5 healthy subjects a technical error
occurred during the data collection with the IMU-system which resulted in undetectable
peak values due to an inconsistent waveform, hence only 36 participants were included in
the analyses of the IMU-system.

Test-retest reproducibility
IMU-system
The test-retest reproducibility of the IMU system in group 1 and group 2 is detailed in Table 2.
In group 1, the test-retest reliability of the low back IMU and the pelvic IMU was good to very
good and fair to good, respectively. The SEM and SDC of the low back IMU ranged from 0.4°
to 0.5° and 1.1° to 1.5°, respectively. The SEM and SDC of the pelvic IMU ranged from 1.1° to
1.5° and 1.2° to 2.9°, respectively. In group 2, the test-retest reliability of the low back IMU
and the pelvic IMU was good to very good and slight to very good, respectively. The SEM and
SDC of the low back IMU ranged from 0.4° to 0.6° and 1.1° to 1.6°, respectively. The SEM and
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SDC of the pelvic IMU ranged from 0.5° to 0.7° and 1.4° to 1.9°, respectively. In both groups
no bias in measurement error was detected as shown in the Bland-Altman plots (Figure 3
and 4).
2-D video-based system
The test-retest reproducibility of the 2-D video-based system in group 1 and group 2 is
detailed in Table 2. In group 1, the measured and calculated angles showed a very good to
excellent reliability. The SEM and SDC ranged from 1.5° to 2.4° and 4.1° to 6.7°, respectively.
In group 2, the angles showed a fair to excellent reliability. The SEM and SDC ranged from
1.0° to 1.9° and 2.6° to 5.4°, respectively. In both groups no bias in measurement error was
detected as shown in the Bland-Altman plots (Figure 5).

Inter-rater reproducibility
The inter-rater reproducibility of the 2-D video-based system in group 1 and group 2 is
detailed in Table 3. In group 1, the measured and calculated angles showed a good to very
good reliability. The SEM and SDC ranged from 1.4° to 2.7° and 4.0° to 7.6°, respectively. In
group 2, the angles showed a slight to very good reliability. The SEM and SDC ranged from
1.3° to 2.5° and 3.6° to 7.0°, respectively. In both groups no bias in measurement error was
detected as shown in the Bland-Altman plots (Figure 6).

7

Table 1. Participant characteristics
Participant characteristics

Male gender, n (%)
Age (yrs), mean (SD)

Group 1

Group 2

n = 25

n = 41

21 (84)

19 (46)

50.7 (15.0)

29.2 (12.8)

Amputation level
- Transfemoral amputation, n (%)

17 (68)

NA

- Through knee amputation, n (%)

1 (4)

NA

- Transtibial amputation, n (%)

7 (28)

NA

%: percentage; yrs: years; SD: standard deviation; NA: not applicable; Group 1: participants
with a lower extremity amputation; Group 2: healthy subjects
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4.7 (1.9)

Pelvic IMU (n = 25)

4.3 (1.7)

Pelvic IMU (n = 25)

0.4 (0.8)

Pelvic IMU (n = 25)

5.5 (1.5)

Pelvic IMU (n = 36)

3.2 (1.4)

5.3 (1.7)

Low back IMU (n = 36)

Pelvic IMU (n = 36)

Maximum amplitude to right: MAR

3.1 (1.4)

Low back IMU (n = 36)

Maximum amplitude to left: MAL

Healthy subjects

0.5 (0.7)

Low back IMU (n = 25)

Symmetry (MARL - MASL)

3.8 (1.2)

Low back IMU (n = 25)

Maximum amplitude to sound limb side: MASL

4.3 (1.3)

Low back IMU (n = 25)

Maximum amplitude to residual limb side: MARL

5.6 (1.8)

3.4 (1.4)

5.8 (1.7)

3.3 (1.3)

0.5 (0.9)

0.6 (0.9)

4.5 (1.3)

4.2 (1.2)

5.0 (1.7)

4.8 (1.3)

mean (SD)

mean (SD)

Participants with a lower extremity amputation

IMU-system

Retest (°)

Test (°)

Table 2. Test-retest reproducibility

IMU / Angle

-0.3 (0.9)

-0.2 (0.5)

-0.3 (0.7)

-0.3 (0.8)

-0.1 (0.6)

-0.1 (0.5)

-0.2 (1.5)

-0.4 (0.6)

-0.2 (1.5)

-0.5 (0.6)

mean (SD)

Diff test-retest (°)

-2.1; 1.5

-1.2; 0.8

-1.7; 1.1

-1.9; 1.3

-1.3; 1.1

-1.1; 0.9

-3.1; 2.7

-1.6; 0.8

-3.1; 2.7

-1.7; 0.7

95% LoA (°)

7
0.86 (0.73; 0.92)**

0.92 (0.83; 0.96)**

0.91 (0.82; 0.96)**

0.82 (0.66; 0.90)**

0.74 (0.49; 0.88)**

0.75 (0.51; 0.88)**

0.52 (0.16; 0.76)*

0.84 (0.56; 0.93)**

0.66 (0.36; 0.83)**

0.83 (0.45; 0.94)**

ICC3.1agreement (95% CI)

0.7

0.4

0.5

0.6

0.4

0.4

1.0

0.5

1.0

0.5

(°)

SEMagreement

1.9

1.2

1.4

1.6

1.2

1.1

2.8

1.4

2.9

1.5

(°)

SDC agreement

0.2 (0.8)

Pelvic IMU (n = 36)

90.3 (3.3)

179.1 (7.9)

Pelvis - trunk (n = 25)

Residual limb - trunk (n = 25)

90.3 (2.4)

172.7 (5.2)

Pelvis - trunk (n = 41)

Limb - trunk (n = 41)

173.3 (4.7)

89.7 (2.2)

83.0 (3.9)

178.6 (6.7)

90.5 (3.4)

89.1 (5.9)

0.2 (0.6)

-0.1 (0.6)

-0.6 (2.6)

0.6 (2.2)

0.0 (1.4)

0.4 (3.5)

-0.2 (2.1)

0.2 (2.1)

0.0 (0.8)

0.0 (0.5)

mean (SD)

Diff test-retest (°)

ICC3.1agreement (95% CI)

0.62 (0.37; 0.79)**
0.33 (0.00; 0.59)*

0.95 (0.88; 0.98)**
0.81 (0.61; 0.91)**
0.89 (0.77; 0.95)**

0.95 (0.90; 0.97)**
0.54 (0.28; 0.72)**
0.86 (0.75; 0.92)**

95% LoA (°)

-1.0; 1.0
-1.6; 1.6

-3.9; 4.3
-4.3; 3.9
-6.5; 7.3

-2.6; 2.8
-3.7; 4.9
-5.7; 4.5

1.8

1.9

1.0

2.4

1.5

1.5

0.6

5.1

5.4

2.6

6.7

4.1

4.1

1.6

1.1

(°)

(°)

0.4

SDC agreement

SEMagreement

resulted in undetectable peak values due to an inconsistent waveform, hence resulting in 36 participants.

measurement; SDC: Smallest detectable change; %: percentage; *: significant at p < 0.05; **: significant at p<0.001. In 5 healthy subjects a technical error occurred which

°: Degrees; SD: Standard deviation; Diff: Difference; LoA: limits of agreement; ICC: Intraclass correlation coefficient; CI: Confidence interval; SEM: Standard error of

83.0 (4.2)

Pelvis - limb (n = 41)

Healthy subjects

89.3 (6.7)

Pelvis - residual limb (n = 25)

Participants with a lower extremity amputation

2-D video-based system

-0.1 (0.7)

mean (SD)

mean (SD)

Low back IMU (n = 36)

Symmetry (MAL - MAR)

Retest (°)

Test (°)

Table 2. Test-retest reproducibility (continued)

IMU / Angle
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7

Figure 3. Bland–Altman plots for test-retest reproducibility of the IMU-system in
participants with a lower extremity amputation
The solid line represents the mean difference (systematic bias) and the dashed lines illustrate
the 95% limits of agreement (mean difference ± 1.96 SD of the difference)
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7

Figure 4 Bland–Altman plots for test-retest reproducibility of the IMU-system in healthy
subjects
The solid line represents the mean difference (systematic bias) and the dashed lines illustrate
the 95% limits of agreement (mean difference ± 1.96 SD of the difference)
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Figure 5 Bland–Altman plots for test-retest reproducibility of the 2-D video based system
The solid line represents the mean difference (systematic bias) and the dashed lines illustrate
the 95% limits of agreement (mean difference ± 1.96 SD of the difference)
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90.3 (3.3)

179.1 (7.9)

Pelvis - trunk (n = 25)

Residual limb - trunk (n = 25)

90.3 (2.4)

172.7 (5.2)

Pelvis - trunk (n = 41)

Limb - trunk (n = 41)

173.6 (4.5)

89.8 (2.4)

83.4 (3.9)

178.6 (6.2)

90.6 (3.2)

-1.0 (3.5)

0.5 (2.7)

-0.4 (1.8)

0.5 (3.9)

-0.3 (2.1)

0.2 (2.5)

mean (SD)

Diff test-retest (°)

ICC2.1agreement (95% CI)

0.92 (0.82; 0.96)**
0.80 (0.60; 0.91)**
0.85 (0.69; 0.93)**

0.90 (0.82; 0.95)**
0.39 (0.10; 0.62)*
0.73 (0.55; 0.85)**

95% LoA (°)

-4.7; 5.1
-4.4; 3.8
-7.1; 8.1

-3.9; 3.1
-4.8; 5.8
-7.9; 5.9

2.5

1.9

1.3

2.7

1.4

7.0

5.4

3.6

7.6

4.0

4.9

(°)

(°)

1.8

SDC agreement

SEMagreement

measurement; SDC: Smallest detectable change; %: percentage; *: significant at p < 0.05; **: significant at p<0.001

°: Degrees; SD: Standard deviation; Diff: Difference; LoA: limits of agreement; ICC: Intraclass correlation coefficient; CI: Confidence interval; SEM: Standard error of

83.0 (4.2)

Pelvis - limb (n = 41)

Healthy subjects

89.3 (6.7)

Pelvis - residual limb (n = 25)

89.2 (5.5)

mean (SD)

mean (SD)

Participants with a lower extremity amputation

Tester 2 (°)

Tester 1 (°)

Table 3. Inter-rater reproducibility 2-D video-based system

Angle
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Figure 6 Bland–Altman plots for inter-rater reproducibility of the 2-D video based system
The solid line represents the mean difference (systematic bias) and the dashed lines illustrate
the 95% limits of agreement (mean difference ± 1.96 SD of the difference)
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Discriminant validity
IMU-system
In group 1, the within-group comparison (Table 4) revealed that the MARL was significant
larger than the MASL with a mean difference of 0.5° (95% CI: 0.26; 0.80) in the low back
IMU and 0.4° (95% CI: 0.12; 0.77) in the pelvic IMU. In group 2 the within-group comparison
revealed no statistically significant difference between MAL and MAR in both IMU’s. The
between-group comparison (Table 5) revealed that the MARL (group 1) was significant larger
than the averaged maximum amplitude of group 2 with a mean difference of 1.2° (95% CI:
0.50; 1.89) in the low-back IMU. The MASL of the low back IMU, and the MARL and MASL
of the pelvic IMU (group 1) showed no statistically significant differences compared to the
averaged maximum amplitude of group 2. The mean differences between group 1 and 2 on
these outcomes ranged from 0.1° to 0.7°.
Table 4. Within-group comparison IMU-system
Participants with a lower extremity amputation (n = 25)
IMU

Mean (SD) max amp to

Mean (SD) max amp to

Mean (SD)

95% Confidence

residual limb side: MARL (°)

sound limb side: (MASL) (°)

difference (°)

Interval

Low back IMU

4.3 (1.3)

3.8 (1.2)

0.5 (0.7)

0.26; 0.80**

Pelvic IMU

4.7 (1.9)

4.3 (1.7)

0.4 (0.8)

0.12; 0.77*

7

Healthy subjects (n = 36)
IMU

Mean (SD) max amp to left

Mean (SD) max amp to right Mean (SD)

95% Confidence

side: MAL (°)

side: MAR (°)

difference (°)

Interval

Low back IMU

3.1 (1.4)

3.2 (1.4)

-0.1 (0.7)

-0.36; 0.09

Pelvic IMU

5.5 (1.5)

5.3 (1.7)

0.2 (0.8)

-0.04; 0.52

Max amp: Maximum amplitude; %: percentage; *: significant at p < 0.05; **: significant at p < 0.001; Statistics
based on the paired T-test

2-D video-based system
The between-group comparison (Table 6) revealed that group 1 had a larger pelvis - residual
limb angle and residual limb - trunk angle than of group 2 with a mean difference of 6.3 °
(95% CI: 3.3; 9.3) and 6.4 ° (95% CI: 3.1; 9.6), respectively. The pelvis - trunk angle revealed
no statistically significant difference between the two groups.
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a

4.1 (1.1)

4.7 (1.9)

4.3 (1.3)
4.3 (1.7)

3.8 (1.2)

MASL (°)

MARL (°)

3.1 (1.4)

to sound limb side:

to residual limb side:

of left and right (°)

Mean (SD) max amp

Mean (SD) max amp

Mean (SD) max amp

0.6

1.2

Healthy subjects

MARL versus

Mean difference

-0.28; 1.41

0.50; 1.89*

Interval

Confidence

95%

0.1

0.7

Healthy subjects

MASL versus

Mean difference

90.3 (2.4)

172.7 (5.2)

Pelvis - trunka

(Residual) limb - trunka

179.1 (7.9)

90.3 (3.3)

89.3 (6.7)

6.4

-0.1

6.3

%: percentage; **: significant at p < 0.001; aStatistics based on the independent T-test; bStatistics based on the Welch test

83.0 (4.2)

Mean (SD) angle (°)

Mean (SD) angle (°)

Group 2 vs Group 1

Participants with a lower extremity amputation (n = 25) Mean difference

Group 1

Healthy subjects (n = 41)

Pelvis - (residual) limbb

Angle

Group 2

Table 6. Between-group comparison 2-D video-based system

-0.66; 0.90

0.00; 1.34

Interval

Confidence

95%

3.1; 9.6**

-1.5; 1.4

3.3; 9.3**

Interval

95% Confidence

Max amp: Maximum amplitude; %: percentage; *: significant at p < 0.05; aStatistics based on the independent T-test; bStatistics based on the Welch test

Pelvic IMUb

Lower back IMU

IMU

Healthy subjects (n = 36) Participants with a lower extremity amputation (n = 25)

Table 5. Between-group comparison IMU-system
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DISCUSSION
The IMU-system showed to be accurate in measuring coronal plane kinematics in both the low
back and the pelvic IMU in an experimental setting. In a clinical setting, the IMU-system and
2-D video-based system showed to be reliable systems to measure the most coronal plane
kinematic parameters during gait both in participants with a lower extremity amputation
(group 1) as in healthy subjects (group 2). The asymmetry detected by the IMU-system in
the low back and pelvic coronal plane kinematics in group 1 is in line with previous reported
studies.7-12 The between-group comparison revealed that only the MARL in the low back IMU
and the (residual) limb - trunk angle were significantly larger than the maximum amplitude
of healthy subjects. These results suggest that both systems are suitable for daily clinical
practice with exception of the pelvic IMU, but the between-group comparison also revealed
that the average difference was smaller than the SDC of the systems. The within-group
asymmetry detected by the IMU system was also smaller than the SDC. So, it is questionable
whether both systems will be sensitive enough to detect real differences within and between
participants with a lower extremity amputation and healthy subjects.
The test-retest reproducibility of measuring coronal plane kinematics of the trunk is better
compared to the pelvis if a 3-D motion capture system is used52, which is similar as our findings
with the IMU-system. The reproducibility parameters of our IMU-system are comparable as
found in a 3-D motion capture system52, however, likely the construct that is measured by
the two systems differs. Previous studies which used a 3-D motion capture system reported
a symmetry value of 2.1° for the trunk9 and 1.9° to 2.0° for the pelvis9,10 in individuals with a
lower extremity amputation, which is much higher than the symmetry values found in our
study. In addition, these higher symmetry values result in a more favourable ratio between
the symmetry values and the SDC than with the IMU-system and the 2-D video-based system
used in our study. The use of multiple surface markers per body segment versus one IMU as
used in our study could explain the difference in measured construct. Another explanation
for the relative low asymmetry values in our study could be that outcomes of IMU-systems
are influenced by noise, limited resolution and constraints on mathematical calculations as
concluded by Bauer et al.38 They used a similar IMU-system as we did to examine the validity
of ROM tests of the trunk and concluded that the IMU-system underestimated the coronal
plane movements ranging from 0.7° to 3.1°. So, our results may also be underestimated. The
construct we measured with our 2-D video-based systems is not measured before, which
makes it difficult to put our results in perspective. Grunt et al.53 assessed the reproducibility
of sagittal plane measurements with a 2-D video-based system. The pelvic tilt angle was
assessed compared to the laboratory floor and the trunk tilt angle was assessed compared to
the pelvis. The pelvic tilt showed a similar test-retest reproducibility (ICC 0.92, SDC: 4.0°) but
a worse inter-rater reproducibility (ICC 0.67, SDC: 8.5) than we found in measuring the pelvis
- residual limb angle. The trunk tilt showed worse reproducibility for both the test-retest (ICC

7

181

0.77, SDC: 6.7°) and the inter-rater assessment (ICC 0.67, SDC: 8.5°) compared to our pelvis
- trunk angle measurement.

Strengths and limitations
A strength of this study is that we examined the reproducibility of an IMU system obtaining
trunk and pelvic kinematic parameters during gait in a patient population. The reproducibility
of IMU-systems is an underexposed topic and trunk and pelvic kinematic parameters are to
our knowledge only examined in healthy subjects. Orlowski et al.54 fixated an IMU on the
pelvis and on the cervical spine during a gait measurement. Compared to our results they
found lower and higher reliability for the trunk IMU (ICC: 0.76) and the pelvis IMU (ICC: 0.77),
respectively. We estimated the SDC using their presented LoA and mean difference between
the test and the retest, which is a slightly different method to calculate the SDC as we used.
The SDC of the trunk IMU and the pelvic IMU were 1.7° and 2.2°, respectively. Our trunk IMU
performed better and our pelvic IMU performed worse. A second strong point of our study is
that we presented agreement parameters of the two examined systems, which enhances the
interpretation by clinicians. Previous studies examining the reproducibility of IMU systems
often presented reliability parameters (e.g. ICC’s) combined with a ‘coefficient of variation’
(CV) as a measure of agreement.38,55,56 The CV is an inappropriate parameter to indicate the
level of measurement error in the field of medicine, it is a measure to determine the level
of reliability in the phase of calibration of an apparatus.48 A third strong point is that we
marked anatomical landmarks with tape to increase the visibility on screen aiming at lesser
measurement variation within the 2-D video-based analysis of the kinematic parameters.
The use of tape-markers may be the result of better reproducibility parameters than Grunt et
al.43 found by measuring trunk kinematics in the sagittal plane with 2-D video-based system.
This hypothesis is supported by the test-retest findings of Ortiz et al.42 who found excellent
reliability (ICC 0.95 - 0.99) and a SEM of only 0.8° - 2.1° for a 2-D video-based valgus angle
measurement of the knee using tape-markers. A fourth strong point is that we examined
simultaneous the discriminant validity and reproducibility of gait kinematics. Insight in both
parameters raised questions about the clinical viability of both the IMU system and the
2-D video-based system, because the SDC was larger than the average difference between
individuals with a lower extremity amputation and healthy subjects.
This study also contains limitations. First, an a priori power calculation is lacking. COSMINs’
quality criteria suggest that at least 50 participants should be included in reproducibility
studies.57 However, using a power calculation proposed by Walter et al.58 a minimum sample
size of 19 participant should be enough to achieve an ICC of at least 0.70 (alpha level, α=
0.05 and beta level, β= 0.20) when using two assessments or two raters. Based on these
guidelines it is inconclusive whether our sample size was sufficient, but owing that we found
significant differences in our within- and between-group comparisons that were in line with
the literature we are confident that our study was sufficiently powered. Second, we did not
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measure spatiotemporal parameters, therefore we can only interpret the symmetry values
obtained with the IMU-system and not the MARL and MASL in relation to the phase of the
gait cycle. Third, the test-retest data was collected within one session. We removed the IMU’s
and tape-markers after the first assessment and reattached them after the break to include
measurement error as result of inconsistent identification of anatomical landmarks.52 However
the used time lag does not mimic the clinical setting correctly, because normally the time lag
will be a couple of weeks. By increasing the time lag the risk on measurement error will likely
increase as well due to natural variability in participants’ gait. Additional bias was ruled out by
the automated data-analysis of the IMU’s and the 4 week time lag in the test-retest analysis
of the 2-D video based system. Fourth, we did not use a fixed anatomical landmark for the
low back IMU. We chose to standardise the measurement procedure using the applicator
of the Valedo®Motion with a fixed length of 17.5 cm. Due to differences in the height of the
participants the low back IMU was positioned within a range of the thoracic spine which may
have resulted in a larger variation in the obtained amplitudes and difficulty to understand the
construct of the gait adaptations used by participants with a lower extremity amputation.
Fifth, we analysed the peak values of the filtered data instead of the waveform which is a
more detailed analysis59 and is commonly used to analyse IMU data.40,60-62 We chose to use
the peak values because this was possible for both the IMU-system and the 2-D video-based
system. The peak value analysis also resulted in clinical feasible outcome measures such as
the SDC, which is not the case for waveform similarity statistics. Finally, within the 2-D videobased analysis only one specific video frame was examined which is a poor representation of
the entire gait cycle. Previous studies already concluded that a 2-D measurement measures
a different construct than a 3-D measurement, probably due to additional movements in
other planes.42,43 Rotation deviations in the transversal plane of the limb, pelvis or trunk will
influence the angles measured in the coronal plane. For example, an external rotation of the
limb will lead to an overestimation of the pelvis - limb angle.
The criterion validity of trunk46,63 and pelvic40,46,60,62,63 IMU’s during various applications
(e.g. gait) is established in healthy subjects, but it is necessary that this is also examined in
individuals with a lower extremity amputation. Gait adaptations vary tremendously within
persons, so it should be examined if the currently used two IMU’s and the chosen anatomical
landmarks were optimal to identify gait adaptations. Longitudinal validity (responsiveness) of
both the IMU-system and the 2-D video-based system should also be investigated before the
systems are applicable for evaluating gait kinematics within a rehabilitation trajectory.57 Most
likely, a smaller average difference can be expected between subgroups of individuals with a
lower extremity amputation and over time within rehabilitation trajectory than we found in
our between–group comparison. Future research should establish this and the impact on the
ratio between the symmetry values obtained with the IMU system and the (residual) limb trunk angle obtained with the 2-D video-based system and their SDC.
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CONCLUSION
The IMU-system and 2-D video-based system tested in this study were not sensitive enough
to detect real differences within and between participants with a lower extremity amputation
and healthy subjects although promising reproducibility parameters for some of the outcome
measures. It is therefore not likely that they will be suitable for evaluation of coronal plane
kinematic parameters of the low back and pelvis in a clinical setting.
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APPENDIX A
METHODS
The aim of this experiment was to determine the accuracy of the IMU-system using a
goniometer in an experimental setup (Figure A.1).

7

Figure A.1. Experimental setup
Left: notebook with receiver; Middle: metronome; Right: goniometer and reference holder
with IMU’s (Upper: reference IMU, Middle: low back IMU, Lower: pelvic IMU)

Study procedure
The accuracy experiment of the IMU-system (Valedo®Motion, Hocoma, Volketswil,
Switzerland) was performed by an experienced physiotherapist who was familiar with the
IMU system (RL). All trials within the experiment were performed on the same day.

Testing procedure
The Valedo®Motion IMU-system was developed for low back pain therapy but was modified
by Hocoma for this research. As result of modification the IMU’s raw data was exported to
a comma-separated-value (csv)-file and we had access to a training application to provide
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patient’s real-time visual feedback (Figure A.2). The IMU-system consisted of three wireless
IMU’s containing a tri-axillar gyroscope, magnetometer, and accelerometer with a fixed axle
system. Two of the IMU’s were designed for positioning on an anatomical landmarks (low
back and pelvis) using double-sided tape, the third IMU was designed for calibrating the low
back and pelvic IMU using an additional reference holder including a level instrument (Figure
A.3). In the calibration process the orientations of the IMU’s following the magnetometer
are used to determine the zero-angles, which are the measured rotation angles at which the
patient is standing upright. The calibrated rotations were measured using a slightly variable
sampling frequency around 300 Hz and exported to a notebook (Hewlett-Packard).
To examine the accuracy of the IMU system in the experimental setup, the three
IMU’s were placed in the reference holder which was fixed with double-sided tape onto a
goniometer (Topcraft). The calibration process was performed while the goniometer was
pointing upwards (Figure A.1). Within a trial ten consecutive fixed angle displacements in
the coronal plane were made by the physiotherapist with a fixed cadence (1 Hz) guided by a
metronome. The fixed angle displacements ranged from 1 degree to 30 degrees. At the start
of each trial the IMU’s were calibrated. Before the start of the experiment, the location of the
experiment was checked for magnetic fields using the Valedo®Motion software to prevent
magnetic interferences influencing the measurements.39,64

7

Figure A.2. Training application Valedo®Motion
Left: avatar displaying the kinematics of the low back and pelvis IMU in real time; Right:
adjustable bull’s-eye displaying the limits of displacement of the low back (upper) and pelvic
IMU (lower). An additional auditory cue can be provided if the patient shifts beyond the set
limits.
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Figure A.3. Reference holder Valedo®Motion

7

Data analysis
MATLAB (Release 2015b, The MathWorks Inc., Natick, Massachusetts, United States) was
used (RL) to process the csv-file containing the raw data. Only the coronal plane kinematic
parameters of the low back and pelvic IMU were analysed. A MATLAB protocol was used to
automatically detect peak angles for each trial based on an expected cadence interval within
0.5 and 2 Hz; due to the nature of the automated detection, negative peak angles were
identified in between two peak values. Therefore, each trial yielded five positive peak values
(maximum amplitude to the left; MAL) and four negative peak values (maximum amplitude to
the right: MAR) which could be processed (Figure A.4). Detected peaks were visually checked
and corrected if necessary before proceeding. For each trial we calculated the average for
both the MAL and the MAR. Additionally, the extent of asymmetry within each trial was
calculated as the average difference between MAL and MAR, resulting in a symmetry value.

Statistical analysis
IBM SPSS Statistics v22 (SPSS Inc., Chicago, Illinois, United States) was used to calculate the
group average including standard deviation for both the MAL, the MAR and the symmetry
value using the trial averages, independently for the low back and pelvic IMU.
The difference in both the MAL and the MAR values (degrees) obtained with the IMUsystem and the goniometer were calculated. The accuracy of both the low back and the
pelvic IMU was determined by calculating the intraclass correlation coefficient (ICC) using
a two-way mixed effects model (ICC3.1consistency) with 95% confidence intervals (CI).65 The
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presence of bias in measurement error was assessed using a Bland-Altman plot including
the 95% limits of agreement (95% LoA).49,50 The Interpretation of the ICC values was based
on guidelines offered by Byrt51: 0.01-0.20 poor accuracy, 0.21-0.51 slight accuracy, 0.41-0.60
fair accuracy, 0.61-0.80 good accuracy, 0.81-0.92 very good accuracy, and 0.93-1.00 excellent
accuracy. In all cases, two sided p-values <0.05 were considered to be statistically significant.

7

Figure A.4. Selection of the peak values using a MATLAB application
Example of the 10 degrees trial; Note that step 2 (filter data) was not used within the accuracy
experiment to filter the angle output of the IMU’s.

RESULTS
No technical errors occurred during data collection or data analysis resulting in no missing
data in the 29 trials (1 degree to 30 degrees). Results of the comparison of the IMU-system
and the goniometer (Table A.1 and A.2) revealed that the accuracy of the IMU system was
excellent for both the low back and the pelvic IMU (ICC3.1consistency: 1.00, 95% CI: 1.00-1.00).
The 95% LoA was -1.08 to 0.59 degree and -0.58 to 0.98 degree for the low back IMU and the
pelvic IMU, respectively. No bias in measurement error was detected in both IMU’s (Figure
A.5), but a slight asymmetry (0.2 to 0.7 degree) in maximum amplitude between left and right
was present as shown in Table A.1 and A.2.
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Table A.1. Accuracy maximum amplitude low back IMU
Type of device

Max Amp (°)

Diff GM-VM (°)

mean (SD)

mean (SD)

95% LoA (°)

ICC3.1consistency
(95% CI)

Movement to left
Valedo®Motion (n = 30)

15.5 (8.7)

Goniometer (n = 30)

15.5 (8.8)

0.0 (0.3)

-0.59; 0.59

1.00 (1.00; 1.00)**

-0.4 (0.6)

-1.08; 0.48

1.00 (1.00; 1.00)**

NA

NA

Movement to right
Valedo®Motion (n = 30)

15.8 (9.0)

Goniometer (n = 30)

15.5 (8.8)
Symmetry (left - right)

Valedo®Motion (n = 30)

-0.7 (1.2)

Goniometer (n = 30)

0 (0)

NA

Max Amp: Maximum amplitude; Diff: Difference; VM: ValedoMotion; GM: Goniometer; LoA: Limits of agreement;
ICC: Intraclass correlation coefficient; CI: Confidence; NA: Not applicable; °: degree; **: p<0.001

7

Table A.2. Accuracy maximum amplitude pelvic IMU
Type of device

Max Amp (°)

Diff GM-VM (°)

mean (SD)

mean (SD)

95% LoA (°)

ICC3.1consistency
(95% CI)

Movement to left
Valedo®Motion (n = 30)

15.3 (8.5)

Goniometer (n = 30)

15.5 (8.8)

0.2 (0.4)

-0.58; 0.98

1.00 (1.00; 1.00)**

0.3 (0.3)

-0.29; 0.90

1.00 (1.00; 1.00)**

NA

NA

Movement to right
Valedo®Motion (n = 30)

15.2 (8.7)

Goniometer (n = 30)

15.5 (8.8)
Symmetry (left - right)

Valedo®Motion (n = 30)

0.2 (1.5)

Goniometer (n = 30)

0 (0)

NA

Max Amp: Maximum amplitude; Diff: Difference; VM: ValedoMotion; GM: Goniometer; LoA: Limits of agreement;
ICC: Intraclass correlation coefficient; CI: Confidence; NA: Not applicable; °: degree; **: p<0.001
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7

Figure A.5. Bland–Altman plots for between-device differences and their relation to the
magnitude of the maximum amplitude measured with the IMU-system and the goniometer
The solid line represents the mean difference (systematic bias) and the dashed lines illustrate
the 95% limits of agreement (mean difference ± 1.96 SD of the difference)
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ABSTRACT
Objectives
1) To compare level of function, activity, health-related quality of life (HRQoL) and satisfaction
in persons with a lower extremity amputation before surgery and six- and twelve-months
after implantation of an osseointegration implant and 2) to report adverse events.

Design
Prospective cohort study.

Setting
University medical centre.

Subjects
A total of 40 consecutive persons (median age: 56y) who received a transfemoral (31) or
transtibial (9) osseointegration implant, between April 2014 and March 2016.

Intervention
Osseointegration implant surgery followed by a predefined rehabilitation programme.

Main measures

8

Hip abductor strength, prosthetic use, back pain frequency, post-operative pain, mobility level
(timed up and go (TUG), wheelchair-boundedness), walking ability (6-minute walking test
(6MWT) and walking distance in daily life), HRQoL, satisfaction regarding to the prosthesis,
and adverse events.

Results
Strength, prosthetic use, walking distance, HRQoL and satisfaction level increased significantly
at six- and twelve-month follow-up compared to baseline (p≤0.002). The TUG showed
no change at six-month follow-up (p= 0.420), but improved significantly at twelve-month
follow-up compared to baseline (p= 0.005). Wheelchair-boundedness decreased from 12/40
participants at baseline to 0 at follow-ups. The 6MWT (p≥0.038) and back pain (p≥0.437)
did not change over time. Stump pain was present in 28/39 and 22/40 of the participants
at six-and twelve-month follow-up, respectively. The major adverse events were managed
successfully and included three dual-cone breakages, and four bone fractures. An uneventful
course was completed by 19/31 transfemoral and 4/9 transtibial bone-anchored prostheses
users.

Conclusion
Bone-anchored prostheses lead to improved performance and appears to be safe, so they
might be considered for persons with socket-related problems.
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INTRODUCTION
Socket-suspended prostheses users suffer frequently from socket-related problems. Boneanchored prostheses using a transcutaneous osseointegration implant might be a solution.1
This technique is already used for persons with trauma- or tumour-related transfemoral
amputation but might be also useful for persons with a transtibial amputation, and in persons
with peripheral vascular disease.2-4 Especially in these populations insight in the impact of
osseointegration implant surgery on functional performance and the incidence of adverse
events is scarce. Although it is hypothesised that bone-anchored prostheses facilitate early
recovery of mobility level and walking ability, insight in the course within the first year is
missing.
This prospective study focussed on patients with a lower extremity amputation who
had problems with using a socket-suspended prosthesis, and therefore, were scheduled
for implantation of a press-fit osseointegration implant and a predefined rehabilitation
programme.4,5 The primary aim was to describe the change in the body functions or structures
(hereafter referred to as level of function), level of activity, level of health-related quality of life
and level of satisfaction at six- and twelve-months after surgery compared to pre-operative
while using a socket-suspended prosthesis. We hypothesised that hip abductor strength,
prosthetic use, back pain, mobility level, walking ability, health-related quality of life and
prosthetic comfort would improve over time.4 Outcomes are stratified by amputation level
(i.e., transfemoral and transtibial) and we analysed the influence of wheelchair-boundedness
prior osseointegration implant surgery on the course of the outcomes. The secondary aim of
this study was to describe the number and severity of adverse events.

8

METHODS
Study Design
This is the first report of a prospective cohort study with a one-year follow-up. The detailed
study protocol was published previously.4 Following the Strengthening the Reporting of
Observational studies in Epidemiology (STROBE) statement, we present the results of the
time trend analyses with follow-ups at six- and twelve-months.

Participants
All consecutive persons who received a transfemoral or transtibial press-fit osseointegration
implant in our university medical centre (Radboudumc), between April 2014 and March 2016,
were eligible for this study. Persons were eligible for this surgery if: a) they were adults with
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a lower extremity amputation suffering from socket-related problems contributing to limited
prosthetic use6, and b) the cause of primary amputation was congenital or due to a trauma,
tumour resection, or stable vascular disease. Exclusion criteria for surgery were the presence
of severe cognitive or psychiatric disorders. Prior to the inclusion a written informed consent
was obtained from all participants. The study was conducted according to the principles of
the Declaration of Helsinki (64th version, 19-10-2013). The protocol of this study (registration
number 2014/196) was approved by the Ethics Committees of Radboudumc.

Intervention
Osseointegration implant implantation was performed in two surgeries six to eight weeks
apart.2,6 First, a cementless intramedullary stem was press-fit inserted in the femur or tibia
(either or not using locking screws), and the wound was closed. Second, a soft tissue stoma
was created, and a transcutaneous adapter (dual-cone with safety weak points) was attached
into the intramedullary stem (Figure 1). For the femur, the osseointegrated prosthetic
limb (Permedica s.p.a., Via Como, 38, 23807 Merate LC, Italy) or integral leg prosthesis
(
Orthodynamics GmbH, Grapengießerstraße 34, 23556 Lübeck, Germany) implant was
used, for the tibia a patient-specific implant (Orthodynamics GmbH or AQ Implants GmbH,
Kurt-Fischer-Straße 22, 22926 Ahrensburg, Germany) was developed.2 All persons started
rehabilitation one week after the second surgery, using a full length prosthesis with the
same prosthetic components as prior to the osseointegration implant surgery. Rehabilitation
focused on improving hip abductor strength, core stability, symmetry of gait parameters,
and level of activity.5 The duration of the predefined twice weekly rehabilitation programme
depended on amputation level and ranged from 4 weeks (transtibial amputation) to 11 weeks
(transfemoral amputation).4 An interlude was initiated if pain or limited muscle strength was
an obstacle to reduce walking aid use. Rehabilitation was prolonged if a person was making
progress but had not yet met the predefined goals.

8

Figure 1. Radiographs of the used types of osseointegration implants
A: Integral leg prosthesis; B: Osseointegrated prosthetic limb; C: Patient-specific implant
Left: Intramedullary stem immediately post-operatively; Right: Osseointegrated implant at
the twelve-month follow-up
200
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Study procedures and outcomes
Participants were measured by the treating physiotherapist pre-operatively (baseline) and
at the six- and twelve-month follow-up. The outcomes of this study were level of function,
activity, health-related quality of life and satisfaction (Table 1). The obtained gait kinematics
were not reported in this study, in contrast to what we described in our study protocol4, due
to insufficient clinimetric properties of the used measurement systems.7 The adverse events
during the study period were retrospectively extracted from the participants’ medical file
using the classification described by Al Muderis et al. (Table 2).8

Statistical analysis
Categorical descriptive data was presented as exact numbers. Percentages were calculated
for the various levels. For the continuous descriptive data, means and standard deviations
were calculated for normally distributed variables. For data not-normally distributed median,
25th and 75th percentile were used. Demographics and participant characteristics were used
for descriptive statistics.
First, we analysed changes over time in the entire cohort. Generalised estimating
equations with an exchangeable correlation matrix was used to analyse binary outcomes
(back pain) and normally distributed continuous outcomes (hip abductor strength, mobility
level: timed up and go test, walking ability: 6-minute walking test, health-related quality of
life and prosthetic comfort). Back pain was dichotomised for this analysis into ‘no back pain’
and ‘back pain’ (representing the classes ‘yes, with episodes’ and ‘yes, chronic (daily)’). The
mean change over time of the continuous outcomes and the odds ratio of the dichotomised
outcome were presented with 99% confidence intervals. A 99% confidence interval was
used to reduce the risk of type I errors due to multiple testing. Not-normally distributed
continuous outcomes (prosthetic use and walking ability: walking distance in daily life) were
visualized with histograms, and change over time was tested using the Wilcoxon signed-rank
test. Wheelchair-bound participants were completely excluded in the complete case timetrend analysis of prosthetic use and walking ability using the Wilcoxon signed-rank test with
an alpha level of 0.01. In the generalised estimating equations analysis participants were only
excluded from the follow-up moment in which they were wheelchair-bound with exception
of the time-trend analysis of hip abductor strength which involved all participants.
Second, the change over time of the other categorical outcomes were analyse using
descriptive statistics by calculating the change in levels at both follow-ups compared to
baseline expressed as a percentage.
Third, stump pain (intensity and location) and global perceived effect of bone-anchored
prosthesis were only obtained post-operatively, the course of both were analysed using
descriptive statistics.
Moreover, outcomes are presented for subgroups stratified by amputation level using

8
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Single question A5: ‘Did you experience back pain within the previous month?’ with three response alternatives; ‘no’, ‘yes, with episodes’

Back pain frequency

daily life in metres’

Single question B5: ‘How far can you walk in one go in everyday life?’ representing a patient-reported estimation of the walking distance in

6-minute walking teste (m and m/s)15,16

Timed up and god (seconds)14

Use of aids in daily life4

Special Interest Group in Amputee Medicine Workgroup Amputation and Prosthetics mobility scorec (Grade A-F)13

Medicare Functional Classification Levelb (K0-K4)12

Pain location4

Numeric Rating Scale (0-10 points)11

Health related quality of life

‘poor’, ‘average’, ‘good’ or ‘extremely good’

Single question C10,17: ‘How would you summarize your overall situation as an amputee?’, with five response alternatives; ‘extremely poor’,

Questionnaire for persons with a transfemoral amputation Global Scoref (0-100 points)10

Level of health-related quality of life

Walking ability

Mobility level

Level of activity

Post-operative stump pain

Questionnaire for persons with a transfemoral amputation Prosthetic use Scorea (0-100 points)10

Prosthesis wearing time

and ‘yes, chronic (daily)’

Handheld dynamometer (Nm/kg)4,9

Instrument

Hip abductor strength

Level of function

Construct

Table 1. Functional outcome measures

8

Prosthetic Comfort Scoreg (0-10 points)5

‘disagree’, ‘neutral’, ‘agree’ or ‘strongly agree’

gLevel of satisfaction of the participant in regards to their prosthesis, including the socket or bone-anchored part of the prosthesis.

(Question C).

fA higher score means a better health related quality of life. The global score is not applicable for wheelchair-bound persons with exception of the overall situation item

eA self-paced test on a 10m course, representing the submaximal level of functional capacity.

dThe level of physical mobility.

c‘Grade A’ represents an abandoned prosthesis user and ‘grade F’ a prosthesis user with a normal gait without aids.

bKnown as ‘K-levels’ (0-4) in which ‘K0’ represents a non-ambulator and ‘K4’ a high-level prosthesis user.

aA higher score means longer wearing time.

Nm/kg: Newtonmetre per kilogram bodyweight; m: metres; m/s: metre per second.

anchored prosthesis

Global perceived effect of bone-Single question D4: ‘Would you, with your current knowledge, choose for a BAP again?’ with five response alternatives; ‘strongly disagree’,

Prosthetic comfort

Level of satisfaction

Instrument

Table 1. Functional outcome measures (continued)

Construct
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Radiographic evidence of a breakage or clinical signs of breakage

Dual-cone breakage
mechanism)

(e.g. rotation freedom due to breakage of the single pin used as a fail

Radiographic evidence of a breakage

Grade 3 infection and radiographic evidence of loosening

radiographic evidence of osteomyelitis (sequestrum and involucrum)

Radiographic evidence of osteitis (periosteal bone reaction),

Implant breakage

Septic implant failure

Bone infection

High-grade soft-tissue infection Pus collection, purulent discharge, raised level of C-reactive protein

stinging pain, pain that increases on loading, tense)

Low-grade soft-tissue infection Cellulitis with signs of inflammation (redness, swelling, warmth,

Infection

Symptoms and signs

Level of severity

Table 2. Classification of adverse events

Type of adverse event

8
1A

2A

2

1C

3A

3

2C

Revision

Revision

Explantation

Surgical intervention

4

3C

Parenteral antibiotics 3B

Oral antibiotics

Surgical intervention

Parenteral antibiotics 2B

Oral antibiotics

Surgical intervention

Major

Major

Major

Major

Minor

Minor

grade

grade
1

Adverse event

Infection

Parenteral antibiotics 1B

Oral antibiotics

Treatment

Radiographic evidence of a bone fracture

8

Adverse event classification for bone-anchored prosthesis users as described by Al Muderis et al.

Bone fracture

surgical treatment

Conservative or

Surgical refashioning

Major

Minor

The presence of redundant soft tissue causing repeated stomal

Stoma redundant tissue
irritation and friction at the stoma with the absence of infection

Minor

Chemical cauterization

Overgrowth of connective tissue

Stoma hypergranulation
using silver nitrate

Major

Revision

Radiographic evidence of loosening with the absence of infection

grade

grade

Aseptic loosening

Adverse event

Infection

Treatment

Symptoms and signs

Level of severity

Table 2. Classification of adverse events (continued)

Type of adverse event
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descriptive statistics. Within the subgroups we also present the results stratified by the
presence of wheelchair-boundedness before surgery.
All analyses were performed using SPSS v23 (SPSS Inc., Chicago, Illinois, United States).

RESULTS
All 40 eligible participants were included in the study; 31 participants received a transfemoral
osseointegration implant and nine a transtibial osseointegration implant (Table 3). The
median time from primary amputation was 8 years (range: 1-46 years). Twelve participants
were wheelchair-bound at baseline. The median rehabilitation duration was 24 weeks (range:
6-62 weeks, 7-71 sessions) and 9 weeks (range: 3-22 weeks, 7-21 sessions) for participants
with a transfemoral and transtibial bone-anchored prosthesis (Figure 2), respectively. No
participants were lost to follow-up. The six- and twelve-month follow-up measurements were
completed by 39 and 40 participants, respectively (Table 4 and Figure 3). In the following
paragraphs, we will first detail the impact of the intervention at the twelve-month followup; second, we present the six-month follow-up results to increase the insight in the course
within the first year; third, we describe the results for the stratified cohorts; and finally the
adverse events within the study period will be detailed.

8

Functional outcomes: twelve-month follow-up
At level of function hip abductor strength increased significantly (p≤ 0.002) at twelve-month
follow-up (residual limb: β 0.16, SE 0.03 (23%), sound limb: β 0.17, SE 0.03 (20%)) compared to
baseline. Prosthesis wearing time increased significantly (p< 0.001) at twelve-month followup compared to baseline (Appendix A). Back pain did not change statistically significant over
time (p= 0.437). Stump pain was present in 22/40 (55%) of the participants at twelve-month
follow-up. Of these participants 14/22 (64%) experienced on average a mild stump pain on
the distal part of the stump (circular or the soft tissue stoma) at twelve-month follow-up.
At the level of activity patient-reported mobility level increased at twelve-month followup relative to baseline represented by an increased percentage of participants classified as
Medicare Functional Classification Level K3-4 and Special Interest Group in Amputee Medicine
Workgroup Amputation and Prosthetics mobility score grade E-F at twelve-month follow-up
(K3-4: 11/40 (28%), grade E-F: 11/40 (28%)). None of the participants was wheelchair-bound
at twelve-month follow-up. The percentage of unaided walkers increased at twelve-month
follow-up (indoors: 12/40 (30%), outdoors: 9/40 (23%)) compared to baseline. The physical
performance measurement (i.e. timed up and go) increased significantly (p= 0.005) by β -1.9,
SE 0.7 (17%) at twelve-month follow-up compared to baseline. Walking ability represented
by the 6-minute walking test increased, although non-significant (p= 0.038), by β 25, SE 12
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(8%) at twelve-month follow-up compared to baseline. Patient-reported walking distance in
daily life increased significantly (p≤ 0.001) at twelve-month follow-up compared to baseline
(Appendix A).
Health-related quality of life increased significantly (p< 0.001) by β 25, SE 4 (54%) at
twelve-month follow-up compared to baseline. The overall situation as an amputee improved
at twelve-month follow-up, illustrated by the increased proportion (6/40 (15%)) of the
participants that scored good or extremely good on question C at follow-up compared to
baseline.
At the level of satisfaction prosthetic comfort increased significantly (p< 0.001) by β 3.2,
SE 0.5 (65%) at twelve-month follow-up compared to baseline. Of all participants, 39/40
(98%) would again opt for the bone-anchored prosthesis at six- and twelve-month follow-up,
respectively.

Functional outcomes: six-month follow-up
At six month follow-up, all of the above presented outcomes measures improved significantly
as well compared to baseline with exception of the timed up and go test (p= 0.420) and the
6-minute walking test (p= 0.429). The outcome measures which were only analysed with
descriptive statistics revealed at six-month follow-up similar trends as at twelve-months
follow-up compared to baseline. The number of participants experiencing stump pain was
higher at six-month follow up (28/39 (72%)) compared to the twelve-month follow-up (22/40
(55%)). At six-month follow-up 37/39 (95%) participants would again opt for the boneanchored prosthesis.

8

Functional outcomes: stratified cohorts
Stratification based on amputation level revealed the following insights (Appendix B and C). In
the transtibial bone-anchored prosthesis users we observed higher baseline values compared
to transfemoral bone-anchored prosthesis users, with exception of walking distance in daily
life and prosthetic comfort. The increase over time, in percentages, was larger in transtibial
bone-anchored prosthesis users compared to transfemoral bone-anchored prosthesis users,
with exception of hip abductor strength and prosthesis wearing time. At the twelve-month
follow-up less transtibial bone-anchored prosthesis users experienced stump pain than
transfemoral bone-anchored prosthesis users (transtibial: 2/9 (22%), transfemoral: 20/31
(65%)), and the intensity of the pain was the lowest in transtibial bone-anchored prosthesis
users (transtibial: 1.2 points, transfemoral: 3.8 points)).
Stratification on both amputation level and wheelchair-boundedness revealed that
in transfemoral bone-anchored prosthesis users (Appendix B) all outcomes of the nonwheelchair-bound participants were superior compared to wheelchair-bound participants,
with exception of health-related quality of life at twelve-month follow-up and prosthesis
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2 (5)

Bilateral, n (%)

5 (13)
6 (15)

Vascular, n (%)

Other, n (%)

1 (2)
9 (21)
1 (2)

Transtibial amputation, n (%)

Foot amputation, n (%)

31 (74)

Knee disarticulation, n (%)

Transfemoral amputation, n (%)

Primary amputation levela

12 (30)

7 (18)

Tumor, n (%)

Wheelchair-bound at baseline, n (%)

22 (55)

Trauma, n (%)

Cause of primary amputation

38 (95)

29.0 (5.7)

8.0 (3.0; 19.8)

Unilateral, n (%)

Amputation

2

BMI (kg/m ), mean (SD)

Time from primary amputation to inclusion (yrs), median (25th percentile; 75th percentile)

55.5 (43.3; 59.0)

22 (55)

Male gender, n (%)

Age at inclusion (yrs), median (25th percentile; 75th percentile)

40

Entire cohort

Participants, n

Table 3. Demographic, participant, and rehabilitation characteristics

8
1 (3)

30 (97)

10 (32)

4 (13)

3 (10)

7 (23)

17 (55)

2 (7)

19 (94)

29.0 (5.7)

6.0 (3.0; 26.0)

56.0 (45.0; 59.0)

17 (55)

31

Transfemoral cohort

1 (10)

9 (90)

2 (22)

2 (22)

2 (22)

0 (0)

5 (56)

0 (0)

9 (100)

28.9 (5.8)

11.0 (3.0; 17.5)

43.0 (29.5; 57.5)

5 (56)

9

Transtibial cohort

23.7 (14.0; 28.0)
26.0 (15.0; 31.0)

19.7 (10.1; 25.9)
20.0 (12.3; 30.0)

implant was not possible due to marginal coverage of the tibia with soft tissue.

cTwo participants received the osseointegration implant and dual-cone in a single-stage surgical procedure, because closure of the wound after inserting the osseointegration

on the transfemoral residual limb.

bThe participant with bilateral transfemoral amputation was treated with a titanium implant on two limbs, the other bilateral participant was treated with a titanium implant

on transtibial level.

aTotal extremities = 42: One participant had a bilateral transfemoral amputation and one participant had a bilateral amputation of which right on transfemoral level and left

10.0 (8.5; 17.0)

9.0 (5.4; 16.3)

8 (89)

15 (47)

15 (37)

8 (20)

17 (53)

17 (41)

1 (11)

9

32

41

1 (2)

74.0

74.0

40.5

40.5

51.8 (4.8)

22.1 (4.7)

22.1 (4.7)

61.7 (9.1)

Transtibial cohort

51.8 (4.8)

55.7 (6.1)

57.0 (7.2)

BMI: Body Mass Index accounting for the limb loss using the adjusted body weight; SD: standard deviation.

Rehabilitation sessions (n), median (25th percentile; 75th percentile)

Rehabilitation duration (weeks), median (25th percentile; 75th percentile)

Patient-specific implant (titanium), n (%)c

Patient-specific implant (chromium-cobalt-molybdenum), n (%)

Osseointegrated prosthetic limb (titanium), n (%)

Integral leg prosthesis (chromium-cobalt-molybdenum), n (%)

Extremities treated, nb

Foot amputation

Transtibial amputation, mean (SD)

Knee disarticulation, mean (SD)

Transfemoral amputation, mean (SD)

Length

Proximal circumference, mean (SD)

Stump characteristics (cm)

Transfemoral cohort

Entire cohort

Table 3. Demographic, participant, and rehabilitation characteristics (continued)
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comfort at six-month follow-up. Contrary to the entire cohort, the residual limb hip abductor
strength decreased by 10% at six-month follow-up (0.57 Nm/kg, SD 0.19) and showed no
change at twelve-month follow-up (0.63 Nm/kg, SD 0.23) compared to baseline (0.63 Nm/
kg, SD 0.21) in the wheelchair-bound subgroup. In both transfemoral and transtibial boneanchored prosthesis users there was a trend that non-wheelchair-bound participants had
less back pain at the follow-ups compared to baseline, while back pain frequency increased
over time in wheelchair-bound participants (Appendix D).

Adverse events
The major adverse events that occurred are as follows: a) three breakages of the dualcone, all successfully replaced and b) four bone fractures (caused by a fall accident in daily
use), all successfully treated. No breakage of the intramedullary stem, bone infection or (a)
septic implant loosening occurred. Minor adverse events concerned in particular low-grade
soft-tissue infections; 8/18 (44%) of the participants with a chromium-cobalt-molybdenum
osseointegration implant and 5/22 (23%) participants with a titanium osseointegration
implant had one of more low-grade soft-tissue infections. In total, 19/31 (61%) and 4/9
(44%) of the participants with a transfemoral bone-anchored prosthesis and transtibial boneanchored prosthesis, respectively, had an uneventful course (Table 5).

8

Figure 2. Bone-anchored prostheses
Left: transfemoral bone-anchored prosthesis; Right: transtibial bone-anchored prosthesis
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Figure 3. Flow chart illustrating the number of participants within the study
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21 (53)
7 (18)
12 (30)

No, n (%)

Yes, with episodes, n (%)

Yes, chronic, n (%)

NA
NA
NA
NA
NA
NA
NA

No location

Soft tissue stoma

Circular distal side residual limb

Ventral side residual limb

Inguinal area

Greater trochanteric area

Other

Pain location, n (%)d

Pain (0-10), mean (SD)

NA

-0.1 (0.3)

Back pain, OR (SE)

Stump pain

81 (0; 100)

0.86 (0.04)

Sound limb, Beta (SE)

Q-TFA Prosthetic use score (0-100), median (25th PCTL; 75th PCTL)

0.71 (0.04)

5 (11)

6 (13)

3 (7)

2 (4)

6 (13)

13 (28)

11 (24)

3.2 (2.8)

7 (18)

14 (36)

18 (46)

0.2 (0.3)

90 (90; 100)

0.96 (0.05)

0.85 (0.06)

1 (2)

4 (9)

2 (4)

4 (9)

7 (16)

9 (20)

18 (40)

2.1 (2.7)

8 (20)

14 (35)

18 (45)

0.2 (0.3)

100 (90; 100)

1.03 (0.05)

0.87 (0.05)

NA

NA

0.3 (0.4)

NA

0.10 (0.03)

0.14 (0.03)

T1-T0 (SE)b

NA

NA

-0.7 to 1.3

NA

0.02 to 0.18*

0.06 to 0.22*

Interval (T1-T0)

NA

NA

0.3 (0.4)

NA

0.17 (0.03)

0.16 (0.03)

T2-T0 (SE)b

NA

NA

-0.7 to 1.3

NA

0.10 to 0.24*

0.08 to 0.25*

Interval (T2-T0)

(n=39)a

(n= 40)

(n=40)

Six-month (T1) Twelve-month (T2) Mean change 99% Confidence Mean change 99% Confidence

Baseline (T0)

Residual limb, Beta (SE)

Hip abductor strength (Nm/kg)c

Function-level

Table 4. Results entire group
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3 (8)
1 (3)
16 (40)
8 (20)

Level 1

Level 2

Level 3

Level 4

0 (0)
1 (3)
8 (20)
6 (15)
13 (33)

Grade B

Grade C

Grade D

Grade E

Grade F

12 (30)
0 (0)
3 (8)

Wheelchair-bound

Walking frame / rollator

Two crutches / canes

Use of aids in daily life: Indoors, n (%)

12 (30)

Grade A

SIGAM-WAP score, n (%)

12 (30)

3 (8)

0 (0)

0 (0)

19 (49)

6 (15)

14 (36)

0 (0)

0 (0)

0 (0)

18 (46)

14 (36)

6 (15)

1 (3)

0 (0)

3 (8)

0 (0)

0 (0)

19 (48)

11 (28)

9 (23)

1 (3)

0 (0)

0 (0)

19 (48)

16 (40)

3 (8)

2 (5)

0 (0)

NA

NA

NA

NA

NA

NA

Interval (T1-T0)

T1-T0 (SE)b

NA

NA

NA

T2-T0 (SE)b

NA

NA

NA

Interval (T2-T0)

(n=39)a

(n= 40)

(n=40)

Six-month (T1) Twelve-month (T2) Mean change 99% Confidence Mean change 99% Confidence

Baseline (T0)

Level 0

MFC-level, n (%)

Mobility level

Activity-level

Table 4. Results entire group (continued)
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214
23 (58)

None

4 (10)
5 (13)
18 (45)

Two crutches / canes

One crutch / cane

None

0.89 (0.04)

6MWT (m/s), Beta (SE)f

1 (3)
7 (18)
7 (18)

Poor

Average

46 (3)

Extremely poor

Overall situation, n (%)

Q-TFA Global Score (0-100), Beta (SE)g

Health-related quality of life-level

Walking distance in daily life (m), median (25th PCTL; 75th PCTL) 400 (0; 1000)

319 (16)

6MWT (m), Beta (SE)f

Walking ability

12.0 (1.2)

1 (3)

Walking frame / rollator

TUG (s), Beta (SE)e

12 (30)

Wheelchair-bound

Use of aids in daily life: Outdoors, n (%)

2 (5)

0.96 (0.05)

344 (18)

10.0 (0.8)

27 (68)

7 (18)

6 (15)

0 (0)

0 (0)

35 (88)

2 (5)

-0.03 (0.04)

-10 (13)

-0.5 (0.6)

NA

5 (13)

2 (5)

0 (0)

69 (3)

6 (15)

3 (8)

0 (0)

71 (3)

NA

23 (3)

1000 (400; 2000)1900 (1000; 3500) NA

0.86 (0.05)

309 (18)

11.4 (0.9)

25 (64)

6 (15)

8 (21)

0 (0)

0 (0)

35 (90)

1 (3)

T1-T0 (SE)b

NA

15 to 31*

NA

-0.12 to 0.06

-43 to 23

-2.2 to 1.1

NA

Interval (T1-T0)

NA

25 (4)

NA

0.07 (0.03)

25 (12)

-1.9 (0.7)

NA

T2-T0 (SE)b

NA

16 to 34*

NA

-0.02 to 0.16

-6 to 56

-3.7 to -0.2*

NA

Interval (T2-T0)

(n=39)a

(n= 40)

(n=40)

Six-month (T1) Twelve-month (T2) Mean change 99% Confidence Mean change 99% Confidence

Baseline (T0)

One crutch / cane

Table 4. Results entire group (continued)
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2 (5)

Extremely good

NA
NA
NA

Neutral

Agree

Strongly agree
8.2 (0.3)

35 (90)

2 (5)

1 (3)

0 (0)

1 (3)

9 (23)

23 (59)

8.4 (0.2)

34 (85)

5 (13)

0 (0)

0 (0)

1 (3)

11 (28)

20 (50)

3.1 (0.4)

NA

1.9 to 4.2*

NA

Interval (T1-T0)

3.2 (0.5)

NA

T2-T0 (SE)b

2.1 to 4.5*

NA

Interval (T2-T0)

eWheelchair-bound participants did not perform the TUG, hence resulting in lower number of participants at baseline: n=28.

dSome participants experienced pain in multiple location, hence resulting in higher numbers of scores than the number of participants.

six-month follow-up (n=38), twelve-month follow-up (n=39).

to stump pain resulting in a lower number of participants. Residual limb test: baseline: (n=40), six-month follow-up (n=38), twelve-month follow-up (n=38). Sound limb test: baseline: (n=39),

number of participants for the residual limb strength. At six and twelve-month follow-up one participant and two participants, respectively, did not perform the residual limb strength test due

cThe mean strength of both limbs from the participant with a bilateral transfemoral amputation who was treated bilaterally was used as value for residual limb strength, hence resulting in lower

bContinuous outcomes: mean change (standard error); dichotomised back pain outcome: odds ratio (standard error).

aAt six-month follow-up one participant was recovering from a pertrochanteric fracture after a fall accident, hence resulting in lower number of participants at six-month follow-up: n=39.

standard error; SD: standard deviation; OR: Odds ratio; PCTL: percentile.

Workgroup Amputation and Prosthetics mobility score; TUG: Timed up and go; 6MWT: 6-minute walking test; BAP: bone-anchored prosthesis; NA: Not applicable; n: number of participants; SE:

Q-TFA: Questionnaire for persons with a transfemoral amputation; MFC-level: Medicare Functional Classification Level; SIGAM-WAP score: Special Interest Group in Amputee Medicine

5.1 (0.4)

NA

Disagree

Prosthetic comfort score (0-10), Beta (SE)h

NA

Strongly disagree

Global perceived effect of BAP

Satisfaction-level

23 (58)

T1-T0 (SE)b

(n=39)a

(n= 40)

(n=40)

Six-month (T1) Twelve-month (T2) Mean change 99% Confidence Mean change 99% Confidence

Baseline (T0)

Good

Table 4. Results entire group (continued)
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Table 4. Results entire group (continued)

*The 99% Confidence interval does not contain zero, thus the change over time was statistically significant.

hThe Prosthetic comfort score is not applicable for wheelchair-bound participants, hence resulting in lower number of participants at baseline: n=28.

gThe Q-TFA global score is not applicable for wheelchair-bound participants with exception of the overall situation item, hence resulting in lower number of participants at baseline: n=28.

participants: n=38 at both follow-ups.

6MWT (due to stump pain), at twelve-month follow-up two participants did not perform the 6MWT (one due to stump pain, one due to wrist complaints) which resulted in a lower number of

fWheelchair-bound participants did not perform the 6MWT, hence resulting in lower number of participants at baseline: n=28. At six-month follow-up one participant did not perform the
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9 (29)

9 (29)

9 (29)

-

-

1 (3)

-

-

1 (3)

-

-

-

-

-

-

Grade 1

A

B

C

Grade 2

A

B

C

Grade 3

A

B

C

Grade 4

Implant breakage

-

-

-

-

-

-

1

-

-

1

-

-

12

12

13

-

-

-

-

-

-

1 (6)

-

-

1 (6)

-

-

7 (41)

7 (41)

7 (41)

(n=17)

(n=31)

-

-

-

-

-

-

1 (6)

-

-

1

-

-

10

10

11

Events

-

-

-

-

-

-

-

-

-

-

-

-

2 (14)

2 (14)

2 (14)

(n=14)

-

-

-

-

-

-

-

-

-

-

-

-

2

2

2

Participants Events

limb (Titanium)

(Chromium-cobalt-molybdenum)

Participants

Osseointegrated prosthetic

Integral leg prosthesis

Transfemoral osseointegration implants

Participants Events

Total

Infection

Type of adverse event

All implant types

Table 5. Adverse events

(n=1)

1 (100)

8
7
7
1
1
-

(n=9)

4 (44)
4 (44)
4 (44)
1 (11)
1 (11)
-

-

-

-

-

-

-

-

-

-

-

-

-

1 (100)

1 (100)

Participants

-

-

-

-

-

-

-

-

-

-

-

-

1

1

1

Events

(Chromium-cobalt-molybdenum)

Patient-specific implant

Participants Events

All implant types

(Titanium)

Patient-specific implant

-

-

-

-

-

-

1 (11)

-

-

1 (11)

-

-

3 (38)

3 (38)

3 (38)

(n=8)

-

-

-

-

-

-

1

-

-

1

-

-

6

6

7

Participants Events

Transtibial osseointegration implants
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2 (6)

Reimplantation

NA

1

3

4

9 (53)

1 (8)

1 (6)

2 (12)

2 (12)

2 (12)

2 (12)

1 (6)

-

2 (12)

NA

1

1

2

2

2

2

1

-

2

10 (71)

1 (7)

1 (7)

2 (14)

-

2 (14)

-

1 (7)

-

-

(n=14)

NA

1

1

2

-

2

-

1

-

-

Participants Events

4 (44)

-

-

-

1 (11)

-

-

-

-

1 (11)

(n=9)

NA

-

-

-

1

-

-

-

-

1

Participants Events

All implant types

0 (0)

-

-

-

-

-

-

-

-

-

(n=1)

Participants

NA

-

-

-

-

-

-

-

-

-

Events

(Chromium-cobalt-molybdenum)

Patient-specific implant

(Titanium)

Patient-specific implant

4 (50)

-

-

-

1 (11)

-

-

-

-

1 (11)

(n=8)

NA

-

-

-

1

-

-

-

-

1

Participants Events

Transtibial osseointegration implants

periprosthetic fracture) and 1 lumbar spine fracture) were caused by a fall accident and were successfully treated.

of the proximal safety pin and one fracture of the screw thread on the distal part) were successfully replaced; All bone fractures (3 residual limb (medial column fracture, pertrochanteric femoral fracture,

Number of participants who had an adverse event is expressed in exact numbers and in percentage of the total (sub)group (in parentheses); NA: Not applicable; The three broken dual-cones (two fractures

19 (61)

1 (3)

Surgical

Uneventful course

3 (10)

Conservative

Bone fracture treatment 4 (13)

4

4 (13)

Bone fracture

2

2

Stoma redundant tissue 2 (6)

-

2

-

Aseptic loosening

2

Stoma hypergranulation 2 (6)

2 (6)

(n=17)

(n=31)

Events

limb (Titanium)

(Chromium-cobalt-molybdenum)

Participants

Osseointegrated prosthetic

Integral leg prosthesis

Participants Events

Dual-cone breakage

Type of adverse event

All implant types

Transfemoral osseointegration implants

Table 5. Adverse events (continued)
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DISCUSSION
Outcomes on the level of function, activity, health-related quality of life and satisfaction
improved significantly after twelve-months use of a bone-anchored prosthesis compared
to the use of a socket-suspended prosthesis, with exception of the 6-minute walking test.
Six-months after surgery, this improvement was already visible in majority of the outcomes,
including a complete absence of wheelchair-boundedness. All our a priori hypotheses were
correct with exception of the expected decrease of back pain frequency which was only
found in the subgroup of participants who were non-wheelchair-bound at baseline.
Stratification based on amputation level showed that stump pain was in particular a
persistent problem in participants with a transfemoral bone-anchored prosthesis and
seemed to be related to the soft tissue stoma. A possible explanation for this finding could
be that transfemoral bone-anchored prosthesis users experience more mechanical friction
between the soft tissue and the dual-cone due to more excessive soft tissue in the stump
than transtibial bone-anchored prosthesis users.2 At least 95% of the participants would again
opt for a bone-anchored prosthesis, demonstrating that the functional improvements and
the absence of socket-related problems outweighs the presence of stump pain and adverse
events.
Stratification based on wheelchair-boundedness revealed that wheelchair-boundedness
negatively influenced the ability of transfemoral bone-anchored prosthesis users to recover
and generally influence the presence of back pain.
The incidence of implant-related major adverse events was 8%. An uneventful course
was more common in transfemoral bone-anchored prosthesis user than in transtibial boneanchored prosthesis users.
The previously reported improvement in prosthesis wearing time6,18 and health-related
quality of life6,18,19 are comparable to our findings. In the 12-month and 22-month follow-up
study by van de Meent et al.6 and Muderis et al.19, respectively, participants with a transfemoral
bone-anchored prosthesis improved on the timed up and go test (32-49%) and the 6-minute
walking test (40-46%) compared to baseline. Our transfemoral cohort performed only 14%
and 4% better on the timed up and go and 6-minute walking test, respectively, despite
comparable baseline values and participant characteristics. This discrepancy in results might
be explained by the difference in the length of the 6-minute walking course between the
studies and the decreased walking aid use over time found in our study.20,21 We used a 10m
6-minute walking test course, while van de Meent et al.6 and Muderis et al.19 used a 20m and
12.5m 6-minute walking test course, respectively (obtained by contacting the authors). Both
authors did not report the used walking aids during the tests. It is easier to improve on a long
6-minute walking test course than on a short 6-minute walking test course.20,21 In our study,
walking aid use decreased over time. Although, this is beneficial for daily life activities, it does
not implicate that unaided walking improves walking speed.

8

219

Similar to our finding, Hagberg et al.22 found no change in back pain after transfemoral
osseointegration implant surgery. However, wheelchair-boundedness stratification revealed
that back pain frequency of non-wheelchair-bound participants decreased over time
compared to baseline while wheelchair-bound participants showed an opposite trend. This
trend in change of back pain is possibly associated with the change in hip abductor strength
as observed in the transfemoral bone-anchored prosthesis users. The level of satisfaction was
high in our cohort which is similar as found in another cohort of transfemoral bone-anchored
prosthesis users.23
To our knowledge, this study is the first to report: a) functional outcomes and adverse
events of a consecutive cohort of transtibial bone-anchored prosthesis users, b) a six-month
follow-up, c) hip abductor strength outcomes, d) the prevalence and intensity of postoperative stump pain, and e) the real rehabilitation duration and intensity of a cohort of
bone-anchored prosthesis users using a press-fit osseointegration implant. In literature,
various rehabilitation programmes are described ranging from 4 to 14 weeks5,6,19,24 for
persons with a press-fit osseointegration implant and 6 months for persons with a screwtype osseointegration implant.17 This cohort study showed that there are differences in the
predefined duration of the rehabilitation programmes and daily clinical practice, while the
number of rehabilitation sessions is comparable. In our study, 19/31 (61%) of the transfemoral
and 4/9 (44%) of the transtibial bone-anchored prosthesis users needed an interlude in their
rehabilitation programme due to pain or limited muscle strength which can explain the
observed difference in rehabilitation duration. A recently published study of persons with
a screw-type osseointegration implant revealed also a variability in rehabilitation duration
despite a predefined rehabilitation programme.25
This study contains some limitations. First, the adverse events were extracted from
the participants’ Radboudumc medical file. Minor adverse events (e.g. infection grade 1A
and 2A) typically treated by participants’ general practitioners could have been missed
resulting in an underestimation of these minor adverse events. Second, the sample size of
the presented subgroups was small due to stratification on two levels, consequently only
descriptive statistics were used to analyse the time trend of these strata. In future reports
of this ongoing study4 we will present larger samples of each stratum thereby increasing the
generalisability of the stratified results. Third, the outcome measures were collected by the
treating physiotherapist as part of usual care. A blinded assessor is preferable to decrease
the risk of measurement bias. This was not an eligible option in this study because blinding
for the type of prosthesis is not possible. Fourth, self-reported outcomes could have been
biased by response shift resulting in an overestimation of the benefits of bone-anchored
prostheses compared to socket-suspended prostheses.26 We measured mobility level and
walking ability both with patient-reported outcome measures as with performance tests,
which is important because they measure different aspects of the construct and may vary in
responsiveness.27,28 The findings at six-month follow-up and in part at twelve-month follow-up
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were inconclusive because the patient-reported outcomes improved while the performance
tests did not change significantly compared to baseline. In future research the use of an
activity tracker can be of added value to gain insight into this discrepancy.27 Fifth, we used a
robust measure to investigate back pain. Because of this, insight into back pain intensity and
influence of back pain on the level of functional difficulties is still missing. Future research
should include more sensitive measures such as an NRS11 and the Revised Oswestry Low Back
Pain Disability Questionnaire29,30, and should explore possible underlying mechanisms by
measuring gait kinematic parameters. Finally, because this is an observational study we are
not able to determine the relative effectiveness of the bone-anchored prosthesis compared
to the socket-suspended prosthesis. Controlled clinical studies are necessary although this
provides an ethical challenge, while currently osseointegration implant surgery is not used as
a primary intervention after amputation but as a last resort for persons suffering from socketrelated problems.
Besides insight into health benefits it is important to gain insight into the cost-effectiveness
before implementation on a larger scale is initiated. A recent cost-effectiveness analysis31
showed that bone-anchored prostheses had an incremental cost per quality-adjusted lifeyear gained of €83,374 compared with socket-suspended prostheses. However, a decline
in utility values for persons with a socket-suspended prosthesis, which is common in the
target population for a bone-anchored prosthesis, resulted in a substantial reduction of the
cost per quality-adjusted life-year up to €18,952 per quality-adjusted life-year. These results
are gathered in persons using a screw-type osseointegration implant, which has a different
treatment procedure compared to the press-fit osseointegration implants. Cost-effectiveness
should be included in future research in persons using a press-fit osseointegration implant to
gain insight into the impact of the type of implant, the treatment regimens, and the country
in which the care is given on the cost-effectiveness of bone-anchored prosthesis.

8

CLINICAL MESSAGES
•

•
•
•

Ratio between functional benefits of bone-anchored prosthesis and adverse events
appears sufficient, and therefore an eligible alternative for socket-suspended
prostheses in persons with socket-related problems.
Wheelchair-boundedness decreased to zero, walking distance increased.
Around 98% of the participants would again opt for the bone-anchored prosthesis.
Adverse events occurred frequently but could be managed with relatively simple
measures.
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Figure A.1. Histogram not-normally distributed continuous variables
T0: baseline; T1: six-month follow-up; T2: twelve-month follow-up.
Questionnaire for persons with a transfemoral amputation (Q-TFA) Prosthetic use score, mean (standard deviation) median (range): T0: 57
(44) 81 (0-100), T1: 89 (19) 90 (4-100), T2: 93 (17) 100 (4-100). The Wilcoxon signed-rank test revealed that the prosthesis wearing time
increased significantly at both follow-ups compared to baseline (p< 0.001).
Walking distances in daily life, mean (standard deviation) median (range): T0: 826 (1369) 400 (0-7000), T1: 1816 (2303) 1000 (100-10000),
T2: 2913 (2984) 1900 (80-12500). The Wilcoxon signed-rank test revealed that the walking distance in daily life increased significantly at
both follow-ups compared to baseline (T1-T0: p= 0.001, T2-T0: p< 0.001).
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0 (0)

Wheelchair-bound

8 (26)

Yes, chronic, n (%)

NA
NA

Non-wheelchair-bound

Wheelchair-bound

Pain (0-10), mean (SD)

NA

6 (19)

Yes, with episodes, n (%)

Stump pain

17 (55)

No, n (%)

Back pain

77 (30)

52 (0; 100)

Non-wheelchair-bound

Q-TFA Prosthetic use score (0-100), median (25th PCTL; 75th PCTL)

0.86 (0.28)

Wheelchair-bound

0.83 (0.25)

Sound limb, mean (SD)
0.82 (0.24)

0.63 (0.21)

Wheelchair-bound

Non-wheelchair-bound

0.72 (0.28)

0.69 (0.26)

Non-wheelchair-bound

Residual limb, mean (SD)

Hip abductor strength (Nm/kg)c

Function-level

ǂ

(n= 31)

Baseline (T0)

NA

31

10

21

31

10

20

30

10

21

31

(n=30)

participants

20
9
29
19
10
30
20
10

0.91 (0.37)
0.57 (0.19)
0.96 (0.33)
1.01 (0.35)
0.86 (0.26)
90 (71; 100)
88 (15)
81 (29)

2.7 (2.7)
2.2 (2.6)
3.8 (2.5)

2.6 (2.7)
3.9 (2.5)

7 (23)

5 (17)

3.0 (2.7)

10 (32)

11 (37)

30

14 (45)

85 (30)

95 (9)

100 (90; 100)

0.99 (0.30)

1.03 (0.30)

1.01 (0.30)

0.63 (0.23)

0.97 (0.34)

0.86 (0.34)

14 (47)

30

29

(n=31)

participants
ǂ

Twelve-month (T2)

T1 Number of

0.80 (0.36)

‡, ǂ

Six-month (T1)

T0 Number of

Table B.1. Results participants with a transfemoral bone-anchored prosthesis
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31

31

10

21

31

10

20

30

9

20

29

participants

T2 Number of
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228
NA
NA
NA
NA
NA
NA

Soft tissue stoma

Circular distal side residual limb

Ventral side residual limb

Inguinal area

Greater trochanteric area

Other

3 (10)
1 (3)
11 (36)
6 (19)

Level 1

Level 2

Level 3

Level 4

10 (32)
0 (0)

Grade A

Grade B

SIGAM-WAP score, n (%)

10 (32)

Level 0

MFC-level, n (%)

Mobility level

Activity-level

NA

31

31

NA

participants

(n= 31)a

No location

Pain location, n (%)d

T0 Number of

Baseline (T0)

0 (0)

0 (0)

12 (40)

11 (37)

6 (20)

1 (3)

0 (0)

2 (6)

6 (17)

3 (9)

2 (6)

5 (14)

9 (26)

8 (23)

participants

(n=30)a,b

30

30

30

T1 Number of

Six-month (T1)

Table B.1. Results participants with a transfemoral bone-anchored prosthesis (continued)

8
0 (0)

0 (0)

10 (32)

16 (52)

3 (10)

2 (7)

0 (0)

1 (3)

4 (11)

2 (6)

4 (11)

5 (14)

9 (25)

11 (40)

(n=31)a

Twelve-month (T2)

31

31

31

participants

T2 Number of

6 (19)
6 (19)
8 (26)

Grade D

Grade E

Grade F

0 (0)
3 (10)
2 (7)
16 (52)

Walking frame / rollator

Two crutches / canes

One crutch / cane

None

3 (10)
4 (13)
13 (42)

Two crutches / canes

One crutch / cane

None

13.0 (8.4)
NA

Non-wheelchair-bound

Wheelchair-bound

13.0 (8.4)

1 (3)

Walking frame / rollator

TUG (s), mean (SD)e

10 (32)

Wheelchair-bound

Use of aids in daily life: Outdoors, n (%)

10 (32)

Wheelchair-bound

Use of aids in daily life: Indoors, n (%)

1 (3)

0

21

21

31

31

6 (19)
7 (23)
18 (58)
11.3 (5.4)

30
20
10

8 (27)
5 (17)
17 (57)
12.8 (5.6)
12.2 (5.8)
13.9 (5.4)

11.3 (3.4)

11.2 (6.2)

0 (0)

0 (0)

26 (84)

26 (87)

0 (0)

2 (7)

1 (3)

0 (0)

3 (10)

3 (10)

30

0 (0)

0 (0)

11 (36)

11 (37)

0 (0)

10 (32)

5 (17)

0 (0)

9 (29)

14 (48)

30

1 (3)

(n=31)a

Twelve-month (T2)

0 (0)

participants

(n=30)a,b

participants

(n= 31)a

Grade C

T1 Number of

Six-month (T1)

T0 Number of

Baseline (T0)

Table B.1. Results participants with a transfemoral bone-anchored prosthesis (continued)

10

21

31

31

31

participants

T2 Number of
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230
NA

Wheelchair-bound

1 (3)
3 (10)
7 (23)
18 (58)
2 (7)

Extremely poor

Poor

Average

Good

Extremely good

Overall situation, n (%)

48 (15)

Non-wheelchair-bound

Q-TFA Global Score (0-100), mean (SD)g

48 (15)

0 (0; 0)

Wheelchair-bound

Health-related quality of life-level

1000 (400; 2250)

Non-wheelchair-bound

400 (0; 1400)

NA

Wheelchair-bound

Walking distance in daily life (m), median (25th PCTL; 75th PCTL)

0.88 (0.27)

Non-wheelchair-bound

0.88 (0.27)

NA

Wheelchair-bound

6MWT (m/s), mean (SD)f

319 (99)

319 (99)

31

0

21

21

10

21

31

0

21

21

0

21

21

participants

(n= 31)a

Non-wheelchair-bound

6MWT (m), mean (SD)f

Walking ability

T0 Number of

Baseline (T0)
participants

(n=30)a b

6 (20)

19 (63)

3 (10)

2 (7)

0 (0)

64 (18)

71 (18)

69 (18)

650; (325; 1500)

1200 (450; 3000)

1000 (400; 1813)

0.70 (0.29)

0.84 (0.30)

0.79 (0.30)

251 (103)

301 (109)

284 (108)

30

10

20

30

10

20

30

10

20

30

10

20

30

T1 Number of

,

Six-month (T1)

Table B.1. Results participants with a transfemoral bone-anchored prosthesis (continued)
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9 (29)

14 (45)

5 (16)

3 (10)

0 (0)

70 (21)

69 (22)

70 (21)

1250 (575; 2125)

2000 (1000; 4750)

1750 (1000; 3500)

0.78 (0.33)

0.92 (0.26)

0.87 (0.29)

280 (119)

331 (93)

313 (103)

(n=31)a

Twelve-month (T2)

31

10

21

31

10

21

31

10

19

29

10

19

29

participants

T2 Number of

NA
NA
NA

Neutral

Agree

Strongly agree

NA

Wheelchair-bound

0

21

21

0 (0)
0 (0)
3 (10)
27 (87)
8.2 (1.6)

30
20
10

0 (0)
1 (3)
1 (3)
27 (90)
8.1 (1.9)
8.0 (1.9)
8.3 (2.1)

8.1 (1.8)

8.2 (1.5)

1 (3)

(n=31)ǂ

Twelve-month (T2)

1 (3)

30

participants

T1 Number of

10

21

31

31

participants

T2 Number of

At twelve-month follow-up 11/31=35% of the participants was pain free.

dSome participants experienced pain in multiple location, hence resulting in higher numbers of scores than the number of participants. At six-month follow-up 8/30= 27% of the participants was pain free.

in a lower number of participants.

participants for the residual limb strength. At six- and twelve-month follow-up one participant and two participants, respectively, did not perform the residual limb strength test due to stump pain resulting

cThe mean strength of both limbs from the participant with a bilateral transfemoral amputation who was treated bilaterally was used as value for residual limb strength, hence resulting in lower number of

non-wheelchair-bound group (n=20).

bAt six-month follow-up one participant was recovering from a pertrochanteric fracture after a fall accident, hence resulting in lower number of participants as at baseline: entire group (n=30), and in the

(n=21). Wheelchair-bound group: baseline (n=10), six-month follow-up (n=10), twelve-month follow-up (n=10).

aStratification based on wheelchair-boundedness at baseline resulted in the following sample sizes: Non-wheelchair-bound group: baseline (n=21), six-month follow-up (n=20), twelve-month follow-up

PCTL: percentile.

Amputation and Prosthetics mobility score; TUG: Timed up and go; 6MWT: 6-minute walking test; BAP: bone-anchored prosthesis; NA: Not applicable; n: number of participants; SD: standard deviation;

Q-TFA: Questionnaire for persons with a transfemoral amputation; MFC-level: Medicare Functional Classification Level; SIGAM-WAP score: Special Interest Group in Amputee Medicine Workgroup

5.4 (1.6)

Non-wheelchair-bound

5.4 (1.6)

NA

Disagree

Prosthetic comfort score (0-10), mean (SD)h

NA

NA

(n=30)‡, ǂ

participants

(n= 31)ǂ

Strongly disagree

Global perceived effect of BAP

Satisfaction-level

Six-month (T1)

T0 Number of

Baseline (T0)

Table B.1. Results participants with a transfemoral bone-anchored prosthesis (continued)
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hThe Prosthetic comfort score is not applicable for wheelchair-bound participants, hence resulting in lower number of participants at baseline.

gThe Q-TFA global score is not applicable for wheelchair-bound participants with exception of the overall situation item, hence resulting in lower number of participants at baseline.

the 6MWT (one due to stump pain, one due to wrist complaints) which resulted in a lower number of participants.

fWheelchair-bound participants did not perform the 6MWT, hence resulting in lower number of participants at baseline. At twelve-month follow-up two non-wheelchair-bound participant did not perform

eWheelchair-bound participants did not perform the TUG, hence resulting in lower number of participants at baseline.

Table B.1. Results participants with a transfemoral bone-anchored prosthesis (continued)

8

7
2
9
7
2
9
7
2

1.04 (0.36)
1.00 (0.28)
1.01 (0.30)
0.99 (0.32)
1.10 (0.28)
100 (95; 100)
99 (4)
95 (7)

0 (0)

Wheelchair-bound

4 (44)

Yes, chronic

NA
NA

Non-wheelchair-bound

Wheelchair-bound

Pain (0-10), mean (SD)

NA

1 (11)

Yes, with episodes

Stump pain

4 (44)

No, n (%)

Back pain

94 (11)

Non-wheelchair-bound

100 (36; 100)

0.95 (0.21)

Wheelchair-bound

Q-TFA Prosthetic use score (0-100), median (25th PCTL; 75th PCTL)

0.97 (0.28)

Non-wheelchair-bound

0.97 (0.26)

0.70 (0)

Wheelchair-bound

Sound limb, mean (SD)

0.80 (0.37)

NA

9

2

7

9

2

7

9

2

7

1.2 (2.7)
1.6 (3.0)
0 (0)

4.4 (3.3)
2.5 (3.5)

1 (11)

2 (22)

4.0 (2.8)

4 (44)

3 (33)

9

4 (44)

100 (0)

96 (5)

100 (90; 100)

1.15 (0.35)

1.09 (0.25)

1.10 (0.26)

1.00 (0.28)

0.94 (0.36)

0.96 (0.32)

(n=9)a

Twelve-month (T2)

4 (44)

9

9

9

1.03 (0.31)

0.78 (0.33)

Non-wheelchair-bound

Residual limb, mean (SD)

Hip abductor strength (Nm/kg)

Function-level

participants

(n=9)a

participants

(n= 9)a

T1 Number of

Six-month (T1)

T0 Number of

Baseline (T0)

Table C.1. Results participants with a transtibial bone-anchored prosthesis
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9

9

2

7

9

2

7

9

2

7

9

participants

T2 Number of
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234
NA
NA
NA
NA
NA
NA

Soft tissue stoma

Circular distal side residual limb

Ventral side residual limb

Inguinal area

Greater trochanteric area

Other

0 (0)
0 (0)
5 (56)
2 (22)

Level 1

Level 2

Level 3

Level 4

2 (22)
0 (0)

Grade A

Grade B

SIGAM-WAP score, n (%)

2 (22)

Level 0

MFC-level, n (%)

Mobility level

Activity-level

NA

9

9

NA

participants

(n= 9)a

No location

Pain location, n (%)b

T0 Number of

Baseline (T0)

0 (0)

0 (0)

6 (67)

3 (33)

0 (0)

0 (0)

0 (0)

3 (27)

0 (0)

0 (0)

0 (0)

1 (9)

4 (36)

3 (27)

(n=9)a

Six-month (T1)

Table C.1. Results participants with a transtibial bone-anchored prosthesis (continued)

8
9

9

9

participants

T1 Number of

0 (0)

0 (0)

9 (100)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

2 (22)

0 (0)

7 (78)

(n=9)a

Twelve-month (T2)

9

9

9

participants

T2 Number of

2 (22)
0 (0)
5 (56)

Grade D

Grade E

Grade F

0 (0)
0 (0)
0 (0)
7 (78)

Walking frame / rollator

Two crutches / canes

One crutch / cane

None

1 (11)
1 (11)
5 (56)

Two crutches / canes

One crutch / cane

None

7.6 (1.0)
NA

Non-wheelchair-bound

Wheelchair-bound

7.6 (1.0)

0 (0)

Walking frame / rollator

TUG (s), mean (SD)c

2 (22)

Wheelchair-bound

Use of aids in daily life: Outdoors, n (%)

2 (22)

Wheelchair-bound

Use of aids in daily life: Indoors, n (%)

0 (0)

0

7

7

9

9

0 (0)
0 (0)
9 (100)
5.7 (0.8)

9
7
2

0 (0)
1 (11)
8 (89)
7.1 (1.3)
7.3 (1.3)
6.2 (0.5)

5.2 (0.5)

5.9 (0.8)

0 (0)

9 (100)

9 (100)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

9

0 (0)

8 (89)

8 (89)

0 (0)

1 (11)

1 (11)

9

0 (0)

0 (0)

(n=9)a

Twelve-month (T2)

0 (0)

participants

T1 Number of

0 (0)

(n=9)a

participants

(n= 9)a

Grade C

Six-month (T1)

T0 Number of

Baseline (T0)

Table C.1. Results participants with a transtibial bone-anchored prosthesis (continued)

2

7

9

9

9

participants

T2 Number of
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7

1.01 (0.10)

NA

Wheelchair-bound

0 (0)
4 (44)
0 (0)
5 (56)
0 (0)

Extremely poor

Poor

Average

Good

Extremely good

Overall situation, n (%)

41 (17)

Non-wheelchair-bound

Q-TFA Global Score (0-100), mean (SD)e

41 (17)

0 (0; 0)

Wheelchair-bound

Health-related quality of life-level

400 (300; 500)

Non-wheelchair-bound

350 (50; 450)

NA

Wheelchair-bound

Walking distance in daily life (m), median (25th PCTL; 75th PCTL)

1.01 (0.10)

Non-wheelchair-bound

6MWT (m/s), mean (SD)

9

2

7

7

2

7

9

0

7

0

NA

ǀ

Wheelchair-bound

7

7

363 (35)

363 (35)

participants

(n= 9)a

Non-wheelchair-bound

6MWT (m), mean (SD)d

Walking ability

T0 Number of

Baseline (T0)

3 (33)

4 (44)

2 (22)

0 (0)

0 (0)

84 (12)

67 (22)

70 (21)

NA (1000; 3000)

1000 (180; 3000)

1000 (440; 4000)

1.20 (0.20)

1.07 (0.30)

1.11 (0.27)

434 (71)

386 (110)

398 (99)

(n=9)a

Six-month (T1)

Table C.1. Results participants with a transtibial bone-anchored prosthesis (continued)

8
9

2

7

9

2

7

9

2

6

8

2

6

8

participants

T1 Number of

2 (22)

6 (67)

1 (11)

0 (0)

0 (0)

92 (12)

74 (15)

78 (16)

NA (3000; 6500)

3000 (1000; 5000)

3000 (1000; 6500)

1.40 (0.11)

1.25 (0.19)

1.28 (0.19)

503 (40)

449 (70)

461 (67)

(n=9)a

Twelve-month (T2)

9

2

7

9

2

7

9

2

7

9

2

7

9

participants

T2 Number of

NA
NA
NA

Neutral

Agree

Strongly agree

NA

Wheelchair-bound

0

7

7

0 (0)
0 (0)
2 (22)
7 (78)
9.1 (1.1)

9
7
2

0 (0)
0 (0)
1 (11)
8 (89)
8.4 (1.4)
8.1 (1.5)
9.5 (0.7)

9.5 (0.7)

9.0 (1.2)

0 (0)

(n=9)a

Twelve-month (T2)

0 (0)

9

participants

T1 Number of

2

7

9

9

participants

T2 Number of

fThe Prosthetic comfort score is not applicable for wheelchair-bound participants, hence resulting in lower number of participants at baseline.

eThe Q-TFA global score is not applicable for wheelchair-bound participants with exception of the overall situation item, hence resulting in lower number of participants at baseline.

6MWT (due to stump pain) which resulted in a lower number of participants.

dWheelchair-bound participants did not perform the 6MWT, hence resulting in lower number of participants at baseline. At six-month follow-up one non-wheelchair-bound participant did not perform the

cWheelchair-bound participants did not perform the TUG, hence resulting in lower number of participants at baseline.

At twelve-month follow-up 7/9=78% of the participants was pain free.

bSome participants experienced pain in multiple location, hence resulting in higher numbers of scores than the number of participants. At six-month follow-up 3/9= 33% of the participants was pain free.

Wheelchair-bound group: baseline (n=2), six-month follow-up (n=2), twelve-month follow-up (n=2).

aStratification based on wheelchair-boundedness at baseline resulted in the following sample sizes: Non-wheelchair-bound group: baseline (n=7), six-month follow-up (n=7), twelve-month follow-up (n=7).

PCTL: percentile.

Amputation and Prosthetics mobility score; TUG: Timed up and go; 6MWT: 6-minute walking test; BAP: bone-anchored prosthesis; NA: Not applicable; n: number of participants; SD: standard deviation;

Q-TFA: Questionnaire for persons with a transfemoral amputation; MFC-level: Medicare Functional Classification Level; SIGAM-WAP score: Special Interest Group in Amputee Medicine Workgroup

4.0 (2.2)

Non-wheelchair-bound

4.0 (2.2)

NA

Disagree

Prosthetic comfort score (0-10), mean (SD)f

NA

NA

(n=9)a

participants

(n= 9)a

Strongly disagree

Global perceived effect of BAP

Satisfaction-level

Six-month (T1)

T0 Number of

Baseline (T0)

Table C.1. Results participants with a transtibial bone-anchored prosthesis (continued)

Chapter 8 | A prospective one-year follow-up cohort study

8

237

238

4 (19)

7 (33)

Yes, with episodes

Yes, chronic

2 (20)

1 (10)

Yes, with episodes

Yes, chronic

1 (10)

5 (50)

4 (40)

4 (20)

6 (30)

10 (50)

4 (40)

3 (30)

3 (30)

3 (14)

7 (33)

11 (52)

(n=31)

Twelve-month (T2)

0 (0)

0 (0)

2 (100)

4 (57)

1 (14)

2 (29)

(n= 9)

Baseline (T0)

0 (0)

1 (50)

1 (50)

2 (29)

2 (29)

3 (43)

(n=9)

Six-month (T1)

0 (0)

1 (50)

1 (50)

1 (14)

3 (43)

3 (43)

(n=9)ǂ

Twelve-month (T2)

Transtibial bone-anchored prosthesis

accident, hence resulting in lower number of participants as at baseline: entire group (n=30), and in the non-wheelchair-bound group (n=20).

aAt six-month follow-up one non-wheelchair-bound participant with a transfemoral bone-anchored prosthesis was recovering from a pertrochanteric fracture after a fall

7 (70)

No

Wheelchair-bound

10 (48)

(n=30)a

(n= 31)

No

Non-wheelchair-bound

Six-month (T1)

Transfemoral bone-anchored prosthesis

Baseline (T0)

Table D.1. Back pain
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Chapter 9 | General discussion

INTRODUCTION
The overarching purpose of this thesis was to describe the treatment trajectory after
osseointegration implant surgery and examine the potential health benefits of a boneanchored prosthesis in previous socket-suspended prosthesis users with a lower extremity
amputation. The various chapters presented in this thesis reflect the development in daily
care provided in our institute for persons receiving a press-fit bone-anchored prosthesis. This
development has been driven by our clinical experience and subsequent research insights.
In this final chapter we provide an overview of how and to what extent the individual studies
contributed to the purpose of this thesis and weighed these studies against their (and the
field’s) methodological shortcomings. Finally, we discuss the implications of this thesis for
future clinical practice and future research directions.

MAIN RESULTS
Rehabilitation following osseointegration implant surgery: one-size
fits-all?
We described and motivated the rehabilitation programme that we developed for
transfemoral bone-anchored prosthesis users (chapter 3).1 Due to the change in anchoring
of the prosthetic parts, bone-anchored prosthesis users have hypothetically the ability to
use the residual limb muscles and align the residual limb more physiologically than socketsuspended prosthesis users. This implies that bone-anchored prosthesis users have to
reactivate muscles and unlearn compensation mechanisms that have been adopted while
using a socket-suspended prosthesis. The capability of unlearning ‘old habits’ and limitations
in training intensity due to pain varies per person and will result in a tailored rehabilitation
programme for each individual. This is illustrated by the variability in rehabilitation duration
as detailed in chapter 8. In our case study (chapter 3) we used outcome measures that we
think are important to include in a future core-set of outcome measures such as e.g. hip
abductor strength, gait symmetry, and back pain. We found that the hip abductor strength,
symmetry in gait, and the activity level increased after rehabilitation. The improvements in
gait symmetry and activity level were maintained at the 1-year follow-up. Outcomes were
worse at the six-month follow-up presumably due to the presence of severe low back pain as
a result of lumbar degenerative disc disease.
The predefined rehabilitation programme for bone-anchored prosthesis users is feasible as
a guideline, but the treatment trajectory of every person appears unique and thus requests
tailoring of the predefined rehabilitation programme.
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Outcome measures following osseointegration implant surgery:
feasible in clinical practice?
Nowadays, osseointegration implant surgery and following rehabilitation is performed in a
limited number of centres of expertise. If we want to decentralise this care, it is important that
we can validly and reliably measure the quality of care with feasible measurement methods.
In both chapter 6 and chapter 7 we illustrate the challenges to incorporate reproducible and
valid measurement methods in daily clinical practice. In chapter 6, a cross-sectional study, we
described the optimisation of the measurement method to test hip abductor strength which
we introduced in chapter 3. The adjustments we made resulted in a test-retest reproducible
and valid measurement method2, but appeared not usable in an inter-rater setting. The
final version of the test was included in our 5-year follow-up longitudinal study (chapter
5).3 To evaluate gait symmetry, we first used a gait analysis list (chapter 3). However, as we
wanted to obtain gait symmetry in a greater detail we decided to incorporate more objective
measurement methods in the 5-year follow-up longitudinal study. Therefore, we examined
the clinimetric properties of two different measurement methods in a cross-sectional study
(chapter 7).4 We used a three-dimensional (3-D; inertial measurement units) and a twodimensional (2D; video-based) system to obtain coronal plane gait kinematics. Unfortunately,
the conclusion of this study was that both systems were not sensitive enough to detect real
differences within and between participants with a lower extremity amputation and healthy
subjects although promising reproducibility parameters for some of the outcome measures
were found. This insight led to exclusion of gait kinematics as an outcome measure in the
5-year follow-up longitudinal study.
From the research described in chapters 6 and 7 we learned that measurement of hip
abductor strength is possible in daily clinic practice, but also that obtaining gait kinematic
parameters is still a challenge that requires further research.

9

Health benefits of osseointegration implant surgery and following
rehabilitation: limited level of evidence?
In our systematic review5 we found that the number of studies assessing functional outcomes
in persons who received a bone-anchored prosthesis is limited, especially with regard to the
press-fit implants (chapter 2). Our search did not retrieve any Randomised Controlled Trials
(RCTs) or Controlled Clinical Trials. We included five (before-after) cohort and two crosssectional studies. All studies had several methodological shortcomings of which the used
study design had the most impact on the methodological quality and thus also on the level
of evidence of the findings. We concluded that, based on limited evidence, bone-anchored
prostheses use resulted in higher quality of life, function and activity levels than socketsuspended prosthesis use in persons with socket-related problems. The systematic review
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also revealed that there was a lack of consensus regarding the outcome measures used to
evaluate the clinical impact of osseointegration surgery and following rehabilitation.
In a study protocol we detailed the outcome measures and the a priori hypotheses of our
5-year follow-up longitudinal study with multiple follow-ups (chapter 5).3 The first preliminary
results (chapter 8)6 of our 5-year before-after cohort study3 showed that, at the 1-year
follow-up, the influence of transfemoral and transtibial osseointegration implant surgery
followed by rehabilitation was generally positive for outcomes on the level of function,
activity, health-related quality of life and satisfaction. Wheelchair-boundedness decreased
from 12/40 participants at baseline to 0 at follow-ups. Of all participants, 39/40 (98%)
would again opt for the bone-anchored prosthesis. Bone-anchored prostheses appeared to
be safe because all major adverse events were easily managed and included three minor
osseointegration implant failures, and four bone fractures. An uneventful course was more
common in transfemoral bone-anchored prosthesis user than in transtibial bone-anchored
prosthesis users. We concluded that osseointegration implant surgery may be considered
for persons using a socket-suspended prosthesis who suffer from socket-related problems.
The a priori hypotheses regarding the improvement in functional outcomes were confirmed
with exception of the expected decrease of back pain frequency which was only found in
the subgroup of participants who were non-wheelchair-bound at baseline. In the same
case as described in chapter 3 we also investigated whether it was feasible to measure hip
abductor muscle volume (chapter 4).7 The magnetic resonance imaging (MRI)-based threedimensional (3-D) muscle reconstruction technique seemed feasible to provide insight into
the change in muscle volume in a person with a bone-anchored prosthesis using a cobalt–
chrome–molybdenum implant. We also found that in this single case the total hip abductor
volume of both the residual limb (six-month: 5.5%; twelve-month: 7.4%) and sound limb (sixmonth: 7.8%; twelve-month: 5.5%) increased compared to baseline.
From the afore mentioned chapters we learned that persons who go from a socketsuspended prosthesis to a bone-anchored prosthesis, will generally have health benefits. The
knowledge about the change in functional outcomes is limited to a few constructs due to the
limited number of studies assessing functional outcomes in persons who received a boneanchored prosthesis. All findings are of limited evidence, mainly due to the used research
designs, and are only generalisable to persons suffering from socket-related problems.

9

METHODOLOGICAL CONSIDERATIONS
Study design
In five of the seven studies in this thesis, we gathered new data by the use of observational
studies. Three studies had a longitudinal design1,6,7 and two had a cross-sectional design.2,4 An
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advantage of observational studies is that potentially the generalisability (external validity) is
high because the study is conducted in the target population within a natural setting8,9; given
that the sample size is large and sufficient geographic variability is in place.8 A disadvantage of
observational studies is that the internal validity is low because it is hardly possible to correct
for systematic differences due to selection bias and confounding.8,9 Another disadvantage of
observational studies is that they have a high risk of publication bias, selective reporting and
data-dredging, because it is not obligatory to a priori register an observational study.10,11
Longitudinal studies
Two longitudinal studies1,7 in this thesis were used to present the rehabilitation programme we
developed and a measuring method for obtaining muscle volume, respectively. Both studies
had a descriptive character and did not claim a cause and effect relationship. Validity issues,
publication bias, selective reporting, or data-dredging were no threat for the conclusions
drawn in these studies. The third longitudinal study in this thesis6, a cohort study, did claim a
cause and effect relation, namely that the improvement in functional outcomes was related
to the time point of the osseointegration implant surgery and following rehabilitation. The
internal validity was not compromised by selection bias because we used an before-after
design with consecutive conclusion and we had no drop-outs. Due to the before-after design
we were able to draw our conclusion based on a within subject comparison which excludes
common confounding factors in cohort studies as result of group differences in gender, age,
and socioeconomic circumstances. However, in cohort studies it is not possible to rule out
all known and unknown confounders that may have influenced the outcomes.12 For instance
the presence of a) the novelty-effect: increased performance due to increased interest in
new technology, may have caused an overestimation of the perceived treatment effect13,14;
b) sunk-cost fallacy: a decision-making bias that reflects the tendency to invest more future
resources (e.g. exercise time, therapy adherence) in a situation in which a prior investment
has been made (e.g. osseointegration implant surgery), as compared with a similar situation
in which a prior investment has not been made (e.g. rehabilitation after receiving a socket
prosthesis)15; and c) response shift: a change in patient-reported outcomes due to a
change in patient perspective or attitude including recalibration, reconceptualization, and
reprioritization.16 The external validity is decreased because we included all participants in
one centre. However, because our centre was the only centre in the Netherlands providing
this surgery and we included all consecutive persons who were eligible for surgery we can
generalise our results to the Dutch target population. The patient characteristics in our cohort
(male: 55%, mean age: 52 years, mean time from primary amputation to inclusion: 14 years)6
are quite similar as in cohorts of other geographic locations (male: 55-74%, mean age 44-46
years, mean time from primary amputation to inclusion: 11-13 years).17-20 However, there
are differences between centres such as the policy regarding the inclusion of smokers21 and
predefined rehabilitation programmes.20,22,23 Multi-centre studies are necessary to investigate
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the impact of known and unknown differences and to clarify if our results are generalisable
to other geographic locations than the Netherlands. In generalising our results it must be
taken into account that we included only socket-suspended prosthesis users suffering from
socket-related problems and abandoned socket-suspended prosthesis users due to socketrelated-problems. Publication bias, selective reporting, or data-dredging were not an issue in
our cohort study as can be verified by examining the published study protocol.3 By following
the STROBE-statement24 for the description of the cohort study we were as transparent as
possible so that the readers are also able to weigh the weaknesses of the study themselves.9
Cross-sectional studies
A cross-sectional design was used to evaluate the clinimetric properties of measurement
instruments as presented in chapter 6 and 7.2,4 The internal validity may have been
compromised due to the fact that the reproducibility in these studies was tested in one
session on the same day which potentially could have resulted in recall bias. The external
validity of the validation of the handheld dynamometer technique2 was decreased because
we used a healthy subject population instead of the target population; persons with a lower
extremity amputation. Another threat for the external validity is that in both studies the
participants were recruited in a single centre. Although we cannot prove that publication bias,
selective reporting, or data-dredging were not an issue in these studies we have attempted to
maximise the transparency by publishing our raw data.
Systematic review

9

The systematic review5 (chapter 2) included an extensive search and firm methodology while
systematically assessing: a) the impact of bone-anchored prosthesis use on the quality of life,
function, activity, and participation level compared to socket-suspended prosthesis use in
persons with a lower extremity amputation, and b) the type of measurement instruments used
to evaluate these outcomes. A strength was the use of two independent raters for assessing
both the eligibility and the methodological quality of the studies. Another strength is the use
of the International Classification of Functioning, Disability and Health (ICF) framework to
structure the outcomes. The PRISMA statement25 was used to ensure a transparent and high
quality report of our reviewing process. A potential flaw of our review was the used risk of
bias tool. There is no gold standard tool to assess the risk of bias in observational studies.26,27
Commonly used tools are the Newcastle-Ottawa tool28 and the Downs-Black tool29, but they
lack of a comprehensive manual which may lead to variability in interpretation.30 We used
the EPHPP Quality Assessment Tool for Quantitative studies31 to assess the risk of bias of
the individual studies within the systematic review because it had a sufficient manual.32 All
included studies had methodological shortcoming of which the most were related to their
observational design. Five of the seven studies had a before-after design which was hard
to score with the EPHPP tool and where therefore rated as having a weak methodological
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quality. This influenced the conclusions of our best-evidence synthesis. A risk of bias tool that
is more tailored for before-after cohort studies may have had a more positive outcome. The
in 2016 introduced ROBINS-I tool is a promising tool for assessing the risk of bias in cohort
studies, but does currently not include the possibility to evaluate non-controlled before-after
cohort studies.30

Opening the black box
The use of a before-after cohort study (chapter 8)6 to observe the effect of a combined
intervention (surgery and rehabilitation) limits the possibility to gain insight in the effectiveness
of the two parts within the intervention. On the other hand we aimed to identify potential
predictors for health benefits of bone-anchored prosthesis use (chapter 5).3 This can help a)
both patients and clinicians, to establish realistic expectations of the expected natural course
after BAP surgery and following rehabilitation, and b) to identify the correct population for
the intervention. However, our findings in chapter 7 will partially limit unpacking the black
box.4
Combined Intervention (surgery and rehabilitation)
It is important to note that the evaluated intervention in our cohort study (chapter 8) was a
combined intervention of an osseointegration implant surgery and a rehabilitation trajectory.
It is therefore not clear what part of the intervention has caused the change in functional
outcomes. An RCT with two or three treatment arms could possibly clarify this issue. Treatment
arm 1 should receive the combined intervention which is currently usual care. Treatment arm
2 should only receive osseointegration-implant surgery. Treatment arm 3 should only receive
a rehabilitation programme. Abandoned socket-suspended prosthesis users will not be able
to benefit of the intervention in treatment arm 3. Most likely 30% of the eligible persons for
this RCT will be abandoned socket-suspended prosthesis users (chapter 8)6, resulting in a high
risk of selection bias despite a randomisation procedure. Another limitation of treatment
arm 3 will be that a bone-anchored prosthesis rehabilitation programme most likely will have
a different effect on socket-suspended prosthesis users because of different anchoring of
the prosthetic parts. In addition ethical issues will limit the eligibility of an RCT in this target
population as detailed below in the ‘recommendation for future research’ section.
Based on the change in anchoring of the prosthetic parts and the regain of physiological
control of the residual limb in bone-anchored prosthesis users compared to socketsuspended prosthesis users it is in our opinion likely that a rehabilitation programme is of
added value. From a health economics perspective it would interesting to know which part of
the intervention is (the most) effective and whether the used rehabilitation programmes can
be optimised in content, frequency and duration. For example, adding a self-management
intervention to the rehabilitation programme to increase daily use of the prosthesis may
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improve the outcomes and may help preserving improvement on long-term.33,34 Patients,
however, care a lot less about health economics and want to get the most out of the
treatment trajectory. In their opinion an intensive rehabilitation programme is facilitating
them to achieve this goal.35
Gait kinematic parameters
The cross-sectional study4 presented in chapter 7 revealed that the used instruments to collect
coronal plane kinematic parameters of the pelvis and the trunk were not sensitive enough to
detect real differences within and between participants with a lower extremity amputation
and healthy subjects. This conclusion affected the outcome measures we could present in
our cohort study (chapter 8)6, but will also affect other aims of the 5-year longitudinal study
as described in our study protocol (chapter 5).3 In future reports of our cohort study: a)
mid- and long-term changes in gait kinematic parameters, b) predictors for the change in
gait kinematics, and c) potential mechanisms for changes in back pain will not be presented.

IMPLICATIONS FOR FUTURE CLINICAL PRACTICE
Clinimetric properties of measurement instruments
This thesis increased the insight in the importance of knowledge of the clinimetric properties
of measurement instruments. In research, gold standard measurement instruments are
preferred, but in daily clinical practice the use of these instruments are often not feasible
because they are high in cost, time-consuming and not portable.36,37 The knowledge we
obtained in chapter 6 led to a change in daily clinical practice in our centre.2 Hip abductor
strength within a patient is no longer evaluated in an inter-rater setting but only in an intrarater setting. We also optimised the testing procedure. We added a fixation-belt to fixate
the patient on the table and we changed from a break-technique to a make-technique.
The optimised handheld dynamometer technique is a feasible alternative for the gold
standard, an isokinetic dynamometer, but one has to take into account that they are not
interchangeable. Chapter 7 revealed that we currently do not have a feasible alternative for a
three-dimensional (3-D) motion capture system such as ‘Vicon’ which is the gold standard for
obtaining kinematic and kinetic parameters.4 The search for a clinically feasible instrument
is therefore still ongoing. It is clear that asymmetries in kinematic parameters are common
in persons with a lower extremity amputation using a socket-suspended prosthesis38-43,
but it will be a challenge to develop an instrument that is able to quantify all available gait
adaptations and to examine the influence of osseointegration implant surgery and following
rehabilitation on the existing gait asymmetries.
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Measurement instruments
In our longitudinal study (chapter 8)6 we used both patient-reported outcome measures as
performance tests to evaluate a construct, e.g. the constructs mobility level and walking ability.
This is important because they measure different aspects of the construct and may vary in
responsiveness.44,45 Patient-reported outcome measures gain popularity in evaluating routine
patient care and clinical research.46-48 Patient-reported outcome measures provide patientcentred data46 which include a more holistic interpretation and a comprehensive assessment
of the benefits of an intervention.47,48 A potential disadvantage of patient-reported outcomes
might be that they can be biased by response shift resulting in an overestimation of the
effect of an intervention.16 It is therefore important that a core-set of outcome measures
includes both, patient-reported outcome measures, performance tests, and optionally also
monitoring in daily life to cover all aspects of a construct.44,45,49
Our 1-year follow-up before-after cohort study (chapter 8) showed a substantial
improvement in the patient-reported walking distance in daily life at the 1-year follow-up
compared to baseline, but limited increase in the capacity of the participants measured with
performance tests. Although the change over time on the 6-minute walking test and timedup and go was statistically significant it was not beyond the smallest detectable change.50
A possible explanation for the discrepancy in performance in daily life and capacity of the
participants could be that the participant reached their maximum capacity. Based on the
studies in bone-anchored prosthesis users20,51 and socket-suspended prosthesis users52-55 this
is not a likely explanation. We concluded that most likely the used walking course length and
decreased walking aid use over time biased the comparison between the performance tests
and the self-reported performance in daily life. A discrepancy between capacity and physical
activity is odd because a good correlation is previously described.53 The use of monitoring in
daily life could increase insight in the exact reason for our inconclusive findings.53
The measured constructs in our longitudinal study were used to examine the effect of
osseointegration implant surgery and following rehabilitation. Future research should
determine what the minimum core-set should be to evaluate the intervention while minimising
patient burden. In determining this core-set it should be kept in mind that outcome measures
are also important for tailoring a rehabilitation programme. In our opinion the degree of
muscle strength, gait adaptations, use of walking aids, level of physical mobility, functional
capacity and walking distance in daily life are essential quantifications for a physiotherapist to
be able to tailor a rehabilitation programme.

9

Rehabilitation programmes
The predefined rehabilitation programme1 presented in chapter 3 is slightly different
compared to the programmes described in our longitudinal study (chapter 5 and 8).3,6 Initially
we started with two weeks of axial load bearing training on a short prosthesis. This part of
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the training was adopted from the rehabilitation programme for persons who received a
screw osseointegration implant23,56 and was also adopted by the German colleagues who
introduced the press-fit osseointegration implant.22,57 At the end of 2013 we removed this
part of the rehabilitation programme and shortened the predefined programme from
13 weeks to 11 weeks. Both the patient described in chapter 3 and the cohort described
in chapter 8 showed that a predefined rehabilitation programme is not set in stone. In a
clinical setting where patient-centred care is given the intensity of an intervention may vary.
For example, an interlude in the treatment trajectory can be necessary if pain or limited
muscle strength is an obstacle to reduce walking aid use. Most previous studies20,22,23,51 only
reported the predefined rehabilitation programmes and therefore do not provide insight into
the variability in rehabilitation duration. The recently published rehabilitation details of 18
screw osseointegration implant users also revealed that there was variability in rehabilitation
duration despite a predefined rehabilitation programme.58 Insight in rehabilitation variability
is important for persons who opt for a bone-anchored prosthesis in order to start the
treatment trajectory with realistic expectations.

Organisation of health care
Currently there are four prominent centres in the world that perform the majority of the
osseointegration implant surgeries. In larger countries it is known to be a challenge to
organise the rehabilitation and the follow-ups in the centre where the osseointegration
surgery took place.57 Decentralisation of health care, especially the rehabilitation, is an
efficient way to decrease the patient burden as result of traveling. However, a qualitative
study among bone-anchored prosthesis users in Denmark revealed that patients preferred
rehabilitation in a centre of expertise over local rehabilitation because they did not benefit
from attending local rehabilitation due to a lack of knowledge of the health care professionals
about bone-anchored prostheses.35 Peer support in rehabilitation is greatly acknowledged
by bone-anchored prosthesis users which is difficult to organise in locale rehabilitation
centres.35 With this knowledge and the low numbers of osseointegration implant surgeries
at this moment it is a challenge to investigate if and how decentralisation of care should take
place. Perhaps information technology (e-health) should be used to develop a blended care
intervention to decrease traveling burden of patients without losing peer support and team
approach. E-health could also be used to tailor the post-rehabilitation aftercare because it
is hypothesised to stimulate patients to maintain or even increase their daily performance
in daily life in long-term.59,60 Traveling burden will obviously be a smaller problem in small
countries such as the Netherlands compared to larger countries such as Australia.
If the scale on which osseointegration implant surgeries take place increases, e.g. by
broadening of the eligibility criteria for surgery, it is necessary to install a number of centres
of expertise per county by educating local surgical and rehabilitation centres aiming at
uniform care in every treatment centre. By determining the ideal timing and scale of
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decentralisation it should be kept in mind that sufficient surgical volume is needed to prevent
unnecessary adverse events.61-64 Literature about the impact of decentralisation of specialised
rehabilitation is missing, but it is likely that sufficient volume is needed to build up expertise
and to guarantee peer support.

RECOMMENDATION FOR FUTURE RESEARCH
The need to find strong evidence for the effectiveness
Both, our 1-year study6 and previous studies58,65 revealed that a treatment trajectory of
bone-anchored prosthesis users is not flawless. Strong evidence that demonstrates the
added value of bone-anchored prosthesis compared to the conventional socket-suspended
prosthesis is necessary to motivate the application of this treatment. RCTs are the gold
standard to increase the level of evidence of studies assessing the potential benefits of boneanchored prosthesis compared to socket-suspended prosthesis. However, because currently
the main inclusion criteria for osseointegration implant surgery is that persons with a lower
extremity amputation are limited due to socket-related problems20,51,66,67 an RCT is unlikely to
be ethical. Currently 28-30%6,20 of the persons who are eligible for osseointegration implant
surgery are abandoned prosthetic users. These persons are highly motivated to regain their
walking ability. Thus a classic RCT in which one group receives a bone-anchored prosthesis
and the other group remains to use a socket-suspended prosthesis would not be ethical; a
delayed intervention RCT might be a logical alternative. However, insight in long-term effects
(e.g. 5-year follow-up) of the use of bone-anchored prosthesis, both regarding to functional
outcomes and safety, are necessary to be able to draw soled conclusions. This implies that
a sub-cohort of persons with socket-related problems and abandoned prosthetic users have
to wait for five years before they may receive a bone-anchored prosthesis, which will also
encounter ethical problems. The waiting time may also introduce selection bias into the RCT.
The sub-cohort that receives the delayed intervention may deteriorate in health status during
the waiting period, both the ambulatory as the non-ambulatory persons. In ambulatory
persons it is likely that continuing to use a socket-suspended prosthesis while suffering from
chronic skin problems and pain associated with the socket68-73 will further negatively influence
functional outcomes.51,68,70,74,75 It is unknown what the impact is of the duration of wheelchairboundedness prior to osseointegration implant surgery, but our cohort study (chapter 8)6
revealed that persons who are wheelchair-bounded prior to the surgery performed worse
than ambulatory persons. In persons receiving a primary amputation it is known that a nonambulatory status prior to the surgery is associated with inferior mobility level and walking
ability after surgery, especially in frail persons.76-78 To rule out ethical issues and the risk of
selection bias and due to the waiting period a stepped wedge cluster randomised trial could
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be an adequate study design.79,80 This design could be used to randomise at group-level
(clusters) instead of at patient-level, e.g. during the decentralisation of care. By the end of the
study, the intervention (surgery and rehabilitation) will be implemented in all participating
treatment centres, but the timing for the implementation will be randomised. Causality of
the change in health status can be established within the clusters by comparing the health
status of before and after the implementation of the intervention. In addition, the natural
course in socket-suspended prosthesis users with socket-related problems can be studied
by analysing the period before the intervention of all clusters. A drawback of this design
could be that it will be hard to collect long-term control data. Treatment centres which are
willing to participate in the study because they want to implement this innovative care do
most likely not want to wait 5 years. Also, decentralisation has to take place on large scale
to be able to include enough clusters to reach an sufficient power.81,82 Another alternative
for the classic RCT could be to use of propensity score matched cohorts.83-85 Cohorts are
created using a propensity score; the likelihood to receive an intervention based on potential
explanatory baseline variables.83,85 The use of propensity score matching minimises the risk
of indication bias, given that all relevant covariates are included.85 A drawback of propensity
score based analyses is that only known and observed patient characteristics are used to
match the cohorts.83,85 Furthermore, a large sample size is needed because not all patients
can be included in the analyses due to difficulties in achieving an adequate match.83
All above described alternative study designs for the commonly used before-after study
to examine health benefits of bone-anchored prosthesis compared to socket-suspended
prosthesis have their drawbacks with respect to ethical issues or eligibility. A single-patient
(N-of-1) trial86-91 may solve these limitations and equals an RCT to raise the level of evidence
according to Oxford Centre for Evidence-Based Medicine.92 A single-patient trial is quite
similar as a stepped wedge cluster randomised trial because the timing of receiving the
intervention is randomised. However, instead of clusters, individual patients are included
which enhances personalised medicine. Estimates of treatment effect at population level can
be produced by combing the data of multiple N-of-1 trials.90,93
To implement the N-of-1 trial design in the current usual care, the intervention should be
offered randomly instead of by the order of entry. In addition the intensity of the outcome
assessment should be increased, both the assessment of before (during the waiting period)
and after the intervention to gain a clear sight in trends. The intervention should not be
initiated until a stable baseline has been recorded, and the study should not be finished until
the outcomes regain stability.

9

The need for collaboration
In the almost 30 years that bone-anchored prostheses are around, safety
outcomes17-23,51,56,57,66,67,94-103 (Figure 1) are more commonly published than functional
outcomes17,18,20,51,58,67,94,96,101,104-109 (Figure 2). The majority of the studies have been published
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in the last 10 years. However, there is a tremendous overlap in the presented data, resulting
in a low number of studies presenting a unique cohort in the field of osseointegration implant
surgery (Figure 1 and 2). A global registry for osseointegration implantation may help to
increase the insight into the number of persons who received an osseointegration implant,
the severity and the number of complications, the functional outcomes, and optionally
cost-effectiveness.110 In such a registry all centres performing osseointegration implant
surgery could add their data, also the centres that currently do not publish their results
in the scientific literature.23 A global registry will: a) increase the transparency of the data
collection, b) prevent publication bias and selective reporting, and c) prevent data dredging.
These arguments were also the motivation to publish our study protocol (chapter 5).3 It will
also increase the power to identify predictors for a successful treatment trajectory and to
examine potential mechanisms for changes in functional outcomes. This insight is important
to be able to select the persons who benefit the most from osseointegration implant surgery.
An increased power could also facilitate in identifying factors which determine the intensity
of the rehabilitation programme so patients can receive a priori a well estimated prognoses
of the rehabilitation intensity. There will be a couple of challenges in setting up a global
registry. First, it will be a challenge to reach consensus about a core-set of outcome measures
to evaluate osseointegration surgery and following rehabilitation. A Delphi study among
members of the centres of expertise (e.g. surgeon, rehabilitation physician, physiotherapist,
occupational therapist, clinical psychologist, and orthopedic technician) should be initiated
to develop a core-set of outcome measures. Ideally, this core-set should also be eligible for
socket-suspended prosthesis users to enable broader comparison of the outcomes. Second,
data ownership should be arranged so that the centres that add data are also able to publish
their own data. A research consortium should be installed to publish global data from the
registry and a priori there should be an agreement on how, when and which data will be
published. Lastly, a global registry will result in big data and thus in high and rising costs.110
Integrating the core-set of outcome measures into daily clinical care and linking local registries
to the global registry may help to be cost-efficient.
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The need for fundamental research
This thesis is mainly about the functional outcomes of bone-anchored prosthesis use
compared to socket-suspended prosthesis use. In chapter 4 we introduced a technique to
obtain insight in the impact of bone-anchored prosthesis use on tissue level.7 Insight in the
time of the onset of muscle atrophy and change into of adipose tissue, and the reversibility
of the atrophic process is important in the discussion regard to the eligibility criteria for
osseointegration implant surgery. Based on chapter 4 and the work of Jaegers et al.111 our
current hypothesis would be that osseointegration implant surgery early after primary
amputation may be beneficial for prevention of the atrophic process. If future studies in
larger cohorts would confirm this and the risk-benefit ratio is also sufficient on long-term,
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then osseointegration surgery should be initiated earlier after the primary amputation.
Nowadays the primary criterion for osseointegration implant surgery is that a person using
a socket-suspended prosthesis is suffering from socket-related problems contributing to
limited prosthetic use.51 The median time between primary amputation and osseointegration
implant surgery was in our cohort 8 years (25th percentile: 3 years, 75th percentile: 20 years).6
All these years the residual limb muscles are at risk for deterioration.111
Another possible shift in the eligibility criteria for osseointegration surgery might be
initiated by better insight in the underlying risk mechanisms in persons with a vascular
disease. In the majority of the centres providing osseointegration surgery the presence of a
vascular disease is an exclusion criteria112, while the cause of amputation in majority of the
persons with a lower extremity amputation is a vascular disease.113 This currently narrows the
applicability of osseointegration implant surgery. Future research should try to identify if and
which subgroups with a vascular disease are eligible for osseointegration implant surgery.

CONCLUSION
Knowledge of the exact change in functional outcomes is limited to a few constructs due to
the limited number of studies assessing functional outcomes in persons who received a boneanchored prosthesis, the difficulty of combining research and daily clinical practice, and the
challenge of developing an RCT in the field of osseointegration implant surgery. Despite the
various limitations as outlined in this thesis, we can deduce that bone-anchored prosthesis
use has a positive effect for the majority of the persons with socket-related problems,
because the ratio between health benefits of bone-anchored prosthesis and adverse events
appears sufficient. Hence, we will continue to treat patients with this surgical technique and
subsequent tailored rehabilitation programme which we aim to further optimise for our
future patients. We also will explore if the ratio between the benefits and adverse events
remains sufficient in long-term and if the treatment is feasible in subgroups of patients such
as high active prosthesis users and persons with a dysvascular amputation.
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Figure 1. Overview of studies assessing safety outcomes in lower extremity bone-anchored prosthesis users
Red: studies with a total overlap in inclusion period, patient population and outcome measures; Blue: studies with partial or no overlap in
inclusion period, patient population and outcome measures; TF: Transfemoral osseointegration implant; TT: Transtibial osseointegration
implant. The studies in this overview were found by a comprehensive search on 8 January 2018 in MEDLINE (accessed via PubMed), Cochrane
Central Register of Controlled Trials, Embase (accessed via OvidSP), CINAHL, Web of Science and System for information on Grey Literature
which was part of a systematic review by Atallah et al.65
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Figure 2 Overview of studies assessing functional outcomes in lower extremity bone-anchored prosthesis users compare to socketsuspended prosthesis users
Red: studies with a total overlap in inclusion period, patient population and outcome measures; Blue: studies with partial or no overlap in
inclusion period, patient population and outcome measures; TF: Transfemoral osseointegration implant; TT: Transtibial osseointegration
implant. The studies in this overview were found in the search on 16 June 2016 which was part of the systematic review presented in this
thesis (chapter 2)5 or found in an updated search in MEDLINE (accessed via PubMed) on 17 August 2018 (marked with *).
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Summary

Persons with a lower extremity amputation who aim to regain their walking ability are
generally provided with a conventional socket-suspended prosthesis. However, up to 63% of
the prosthetic users suffer from chronic skin problems and pain associated with the socket.
These problems have a negative impact on their quality of life (QoL), function level, activity
level and participation level. Back pain is a common secondary disability in socket-suspended
prosthesis users and is associated with gait asymmetry, specifically in the coronal and sagittal
plane. In addition to socket fitting problems, decreased hip abductor strength, high levels
of muscle atrophy, and changed muscle activity patterns may be a possible cause for this
asymmetry.
Bone-anchored prostheses using a transcutaneous osseointegration implant might be a
solution for socket-suspended prosthesis users suffering from socket-related problems. The
bone-anchored prosthesis was introduced in 1990. Since then, various osseointegration
implants have been developed. The majority of the research that was done in this field
dates from the last ten year and focused mainly on safety outcomes. Rehabilitation after
osseointegration implant surgery and functional outcomes are less studied. The central
purpose of this thesis was to describe the treatment trajectory after osseointegration implant
surgery and examine the potential health benefits of a bone-anchored prosthesis in previous
socket-suspended prosthesis users with a lower extremity amputation.
In chapter 2, a systematic review, we provide an overview of the current body of knowledge
concerning functional outcomes for persons with a bone-anchored prosthesis compared to
a socket-suspended prosthesis. We found that, based on limited evidence, bone-anchored
prostheses use resulted in higher QoL, function and activity levels than socket-suspended
prosthesis use in persons with socket-related problems. The heterogeneity in outcome
measures was large in the five cohort and two cross-sectional studies that were included.
Ten different measurement instruments and two separate questions were used to assess
outcome. There was some consensus regarding the use of the questionnaire for persons
with transfemoral amputation (Q-TFA) to assess health-related QoL (HRQoL) and level of
function (prosthesis wearing time), and the 6-minute walking test (6MWT) and timed up and
go (TUG) to assess level of activity. Level of participation was rarely assessed. We concluded
that there is a need for a core-set of outcome measures to evaluate the clinical impact of
osseointegration implant surgery and following rehabilitation and detailed a proposal for a
core-set.
The 13-week rehabilitation programme that we developed for transfemoral bone-anchored
prosthesis users was detailed in a case study (chapter 3). In this case study we used outcome
measures that we think are important to include in a future core-set of outcome measures
such as e.g. hip abductor strength, gait symmetry, and back pain. We described the treatment
trajectory of an active, 70-year-old man with a traumatic transfemoral amputation who had
used a socket-suspended prosthesis for 52 years and received a bone-anchored prosthesis.
The rehabilitation programme focused on improving hip abductor strength, core stability,
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symmetry of gait pattern and level of activity. Hip abductor strength, gait symmetry, and
activity level increased after rehabilitation. The improvements in gait symmetry and activity
level were maintained at the one-year follow-up. Outcomes were worse at the six-month
follow-up presumably due to the presence of severe low back pain as a result of lumbar
degenerative disc disease.
In chapter 4, we evaluated the eligibility of a magnetic resonance imaging (MRI) based
three-dimensional muscle reconstruction technique to evaluate hip abductor muscle
volume in a person after receiving a transfemoral press-fit cobalt-chrome-molybdenum
osseointegration implant. This case study was performed in the same person as described in
chapter 3. We concluded that the technique appears feasible to provide insight into muscle
volume change in a person with a transfemoral bone-anchored prosthesis using a cobaltchrome-molybdenum osseointegration implant. We also found that in this single case the
total hip abductor volume of both the residual limb (six-month: 5.5%; twelve-month: 7.4%)
and sound limb (six-month: 7.8%; twelve-month: 5.5%) increased compared to baseline.
Future research should focus on analysis of muscle tissue composition and the feasibility in
osseointegration implants of other alloys.
In chapter 5 we presented the study protocol, including a priori hypotheses, of the in
2014 started 5-year follow-up study in order to collect long-term outcomes following lower
extremity press-fit bone-anchored prosthesis. In this study we used a slightly adjusted 11week rehabilitation programme for transfemoral bone-anchored prosthesis users compared
to the programme detailed in chapter 3. For transtibial bone-anchored prosthesis users
we used a 4-week rehabilitation programme. The focus of both programmes was similar
to the programme detailed in chapter 3. The main study outcomes follow, in part, the ICF
classification: a) level of function defined as kinematics in coronal plane, hip abductor strength,
prosthetic use, back pain and stump pain; b) level of activity defined as mobility level and
walking ability; c) HRQoL; d) satisfaction defined as prosthesis comfort and global perceived
effect. Changes over time for the continuous outcomes and the dichotomized outcome (back
pain) were analysed using generalised estimating equations (GEE). Publishing the study
protocol of an observational study is not common but in our opinion equally important as
for clinical trials to: a) increase the transparency of the data collection; b) prevent publication
bias and selective reporting; c) prevent data dredging.
In next two chapters we introduced new outcome measures to evaluate the impact of
osseointegration implant surgery and following rehabilitation. We hypothesised that coronal
plane kinematics symmetry and hip abductor strength would improve after bone-anchored
prosthesis use compared to socket-suspended prosthesis use (chapter 5). To be able to test
this hypothesis we needed measurement methods to measure these outcome measures
in daily clinical practice, because all assessments were part of usual care. In chapter 6, we
described the development of a method for testing hip abductor strength using a handheld
dynamometer. The final version of the test was valid and test-retest reproducible. The test
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appeared not usable in an inter-rater setting despite good reliability estimates, due to the
suspected presence of systematic bias and bias related to the magnitude of the muscle torque.
The reproducibility of the final version of the test was tested in 44 participants with a lower
extremity amputation, while the concurrent validity was established in 30 healthy participants.
In chapter 7, we presented a three-dimensional (3D; inertial measurement units) and a twodimensional (2D; video-based) system to obtain coronal plane gait kinematics. We tested the
test-retest and inter-rater reproducibility of both systems and the 2-D system, respectively, in
participants with a lower extremity amputation (group 1; n= 25) and healthy subjects (group
2; n= 41). The discriminant validity was determined with a within-group comparison for the
3-D system and with a between-group comparison for both systems. Both systems showed
to be test-retest reliable, both in group 1 and in group 2. The 2-D system was also inter-rater
reliable. The within-group comparison of the 3-D system revealed a statistically significant
asymmetry of 0.4°-0.5° in group 1 and no statistically significant asymmetry in group 2. The
between-group comparison revealed that the maximum amplitude towards the residual limb
(MARL) in the low back (3-D system) and the (residual) limb - trunk angle (2-D system) were
significantly larger with a mean difference of 1.2° and 6.4°, respectively, than the maximum
amplitude of healthy subjects. However, these average differences were smaller than the
smallest detectable change (SDC) of group 1 for both the MARL (SDCagreement: 1.5°) and the
residual limb - trunk angle (SDCagreement: 6.7°-7.6°). Therefore, we concluded that the 3-D and
2-D systems tested in this study were not sensitive enough to detect real differences within
and between participants with a lower extremity amputation and healthy subjects although
promising reproducibility parameters for some of the outcome measures. This insight led to
exclusion of coronal plane kinematics symmetry as an outcome measure in our 5-year followup study.
In chapter 8, a before-after cohort study, we present the first preliminary one-year followup results of our 5-year follow-up longitudinal study. The objectives were: 1) to compare level
of function, activity, HRQoL and satisfaction in persons with a lower extremity amputation
before surgery and six- and twelve-months after implantation of an osseointegration implant.
2) to report adverse events. We included 40 consecutive persons (median age: 56y) who
received a transfemoral (31) or transtibial (9) osseointegration implant, between April 2014
and March 2016. The main outcome measures were: Hip abductor strength, prosthetic use,
back pain frequency, post-operative pain, mobility level (TUG and wheelchair-boundedness),
walking ability (6MWT and walking distance in daily life), HRQoL, satisfaction regards to the
prosthesis, and adverse events. We found that hip abductor strength, prosthetic use, walking
distance, HRQoL and satisfaction level increased significantly at six- and twelve-month followup compared to baseline (p≤0.002). The TUG and 6MWT showed no change at six-month
follow-up (p≥0.420), but improved significantly at twelve-month follow-up compared to
baseline (p≤0.038). Wheelchair-boundedness decreased from 12/40 participants at baseline
to 0 at follow-ups. Back pain did not change over time (p≥0.437). Stump pain was present
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in 28/39 and 22/40 of the participants at six-and twelve-month follow-up, respectively. All
our a priori hypotheses regarding the improvement in functional outcomes were confirmed
with exception of the expected decrease of back pain frequency which was only found in the
subgroup of participants who were non-wheelchair-bound at baseline. The major adverse
events were easily managed and included three minor osseointegration implant failures, and
four bone fractures. An uneventful course was completed by 19/31 transfemoral and 4/9
transtibial bone-anchored prostheses users. We concluded that bone-anchored prostheses
lead to improved performance and appears to be safe, so they might be considered for
persons with socket-related problems.
In chapter 9, we provide an overview of our main findings and insight in our (and the
field’s) methodological shortcomings. Finally, we discuss the implications of this thesis for
future clinical practice and our recommendations for future research. Challenges for future
research include: a) the use a research design that increases the level of evidence; b)
collecting unique and multi-factorial outcomes of large cohorts; c) opening the black box in
terms of insight in the impact of bone-anchored prosthesis use on tissue level, selecting the
ideal target population for osseointegration implant surgery and following rehabilitation, and
optimising the intervention (osseointegration implant surgery and following rehabilitation).
The content of this thesis emphasises the importance of research into functional outcomes
in the field of osseointegration implant surgery, but also the challenges of combining
research and daily clinical practice. Despite the various limitations as outlined in this thesis,
we can deduce that bone-anchored prostheses use has a positive effect for the majority
of the persons with socket-related problems, because the ratio between health benefits of
bone-anchored prosthesis and adverse events appears sufficient. Hence, we will continue to
treat patients with this surgical technique and subsequent tailored rehabilitation programme
which we aim to further optimise for our future patients.
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Personen met een beenamputatie die ernaar streven hun mobiliteit te herwinnen zijn
over het algemeen afhankelijk van een conventionele kokerprothese. Tot 63% van de
prothesegebruikers heeft echter last van chronische huidproblemen en pijn als gevolg van
de koker. Deze problemen hebben een negatieve impact op de kwaliteit van hun leven (QoL),
functieniveau, activiteitenniveau en participatieniveau. Rugpijn is een veel voorkomende
secundaire klacht bij gebruikers van een kokerprothese en is geassocieerd met asymmetrie
van het gangpatroon, met name in het coronale en sagittale vlak. Naast problemen met de
kokerfitting, kunnen de verminderde kracht van de heupabductor, hoge mate van spieratrofie
en gewijzigde spieractiviteitspatronen een mogelijke oorzaak zijn van deze asymmetrie.
Botverankerde prothesen met een transcutaan osseointegratie implantaat kunnen een
oplossing zijn voor patiënten met kokerprothese die lijden aan koker gerelateerde problemen.
De botverankerde prothese werd geïntroduceerd in 1990. Sindsdien zijn verschillende
osseointegratie implantaten ontwikkeld. Het merendeel van het onderzoek dat op dit gebied
is gedaan, dateert van de laatste tien jaar en is vooral gericht op veiligheidsresultaten.
Revalidatie na osseointegratie implantaatchirurgie en functionele uitkomsten worden
minder bestudeerd. Het centrale doel van dit proefschrift was om het behandeltraject na
osseointegratie implantaatchirurgie te beschrijven en de potentiële gezondheidsvoordelen
van een botverankerde prothese te onderzoeken in voormalige kokerprothese gebruikers
met een beenamputatie.
In hoofdstuk 2, een systematische review, geven we een overzicht van de huidige kennis
over functionele uitkomsten van personen met een botverankerde prothese in vergelijking
met een kokerprothese. We vonden dat, op basis van beperkt bewijs, het gebruik van een
botverankerde prothese resulteerde in hogere QoL-, functie- en activiteitenniveaus dan
kokerprothesegebruik bij personen met koker gerelateerde problemen. De heterogeniteit in
uitkomstmaten was groot in de vijf cohort en twee cross-sectionele studies die geïncludeerd
waren. Tien verschillende meetinstrumenten en twee afzonderlijke vragen werden gebruikt
om de uitkomst te beoordelen. Er was enige consensus over het gebruik van de vragenlijst
voor personen met transfemorale amputatie (Q-TFA) om de gezondheidsgerelateerde QoL
(HRQoL) en functieniveau (draagtijd van de prothese) te beoordelen. Ook was er enige
consensus over het gebruik van de 6-minuten-wandeltest (6MWT) en op de timed up and go
test (TUG) om het activiteitenniveau te bepalen. Participatieniveau werd zelden beoordeeld.
We concludeerden dat er behoefte is aan een core-set van uitkomstmaten om de klinische
impact van osseointegratie implantaatchirurgie en de daaropvolgende revalidatie te
evalueren. In hoofdstuk 2 doen we een suggestie voor een core-set van uitkomstmaten.
Het 13 weken durende revalidatieprogramma dat we ontwikkelden voor transfemorale
botverankerde prothesegebruikers werd gedetailleerd beschreven in een case study
(hoofdstuk 3). In deze case study hebben we uitkomstmaten gebruikt waarvan we denken
dat ze belangrijk zijn om op te nemen in een toekomstige core-set van uitkomstmaten
zoals bijvoorbeeld heupabductor kracht, loopsymmetrie en rugpijn. We beschreven het
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behandeltraject van een actieve, 70-jarige man met een traumatische transfemorale
amputatie die een botverankerde prothese kreeg na 52 jaar een kokerprothese gebruikt
te hebben. Het revalidatieprogramma was gericht op het verbeteren van de heupabductor
kracht, rompstabiliteit, symmetrie van het looppatroon en het activiteitenniveau.
Heupabductor kracht, loopsymmetrie en activiteitenniveau waren toegenomen na revalidatie.
De verbeteringen in loopsymmetrie en activiteitenniveau werden behouden bij de follow-up
van één jaar. De uitkomsten waren slechter bij de zes maanden follow-up, waarschijnlijk als
gevolg van de aanwezigheid van ernstige lage rugpijn als gevolg van lumbale degeneratieve
discopathie.
In hoofdstuk 4 evalueerden we de bruikbaarheid van een driedimensionale spierreconstructietechniek op basis van een magnetische resonantiebeeldvorming (MRI) om het
spiervolume van de heupabductoren te evalueren van een persoon die een transfemorale
press-fit kobalt-chroom-molybdeen osseointegratie implantaat krijgt. Deze case study werd
uitgevoerd bij dezelfde persoon als beschreven in hoofdstuk 3. We concludeerden dat de
techniek bruikbaar lijkt om inzicht te geven in spiervolume verandering bij een persoon
met een transfemorale botverankerde prothese die gebruik maakt van een kobalt-chroommolybdeen osseointegratie implantaat. We ontdekten ook dat in deze persoon het totale
heupabductor volume van zowel de stomp (zes maanden: 5,5%, twaalf maanden: 7,4%) en
het gezond been (zes maanden: 7,8%, twaalf maanden: 5,5%) in vergelijking met baseline
toenam. Toekomstig onderzoek moet zich concentreren op de analyse van de samenstelling
van het spierweefsel en de bruikbaarheid bij osseointegratie implantaten van andere
legeringen.
In hoofdstuk 5 presenteerden we het onderzoeksprotocol, inclusief vooraf opgestelde
hypothesen, van de in 2014 gestarte 5-jaar follow-up studie om de langetermijnresultaten
te verzamelen van personen met een press-fit botverankerde beenprothese. In deze studie
gebruikten we een aangepast revalidatieprogramma van 11 weken voor transfemorale
botverankerde prothesegebruikers in vergelijking met het programma beschreven in
hoofdstuk 3. Voor gebruikers van een transtibiale botverankerde prothese gebruikten we
een revalidatieprogramma van 4 weken. De focus van beide programma’s was vergelijkbaar
met het programma beschreven in hoofdstuk 3. De belangrijkste studie uitkomsten volgen
gedeeltelijk de ICF-classificatie: a) functieniveau gedefinieerd als kinematica in het coronale
vlak, heupabductor kracht, prothesegebruik, rugpijn en stomppijn; b) activiteitenniveau
gedefinieerd als mobiliteitsniveau en loopvaardigheid; c) HRQoL; d) tevredenheid gedefinieerd
als prothesecomfort en globaal ervaren effectscore. Veranderingen in de tijd voor de continue
uitkomsten en de gedichotomiseerde uitkomst (rugpijn) werden geanalyseerd met behulp
van generalised estimating equations (GEE). Publicatie van het onderzoeksprotocol van een
observationeel onderzoek is niet gebruikelijk, maar naar ons oordeel even belangrijk als voor
experimenteel onderzoek om: a) de transparantie van de gegevensverzameling te vergroten;
b) publicatiebias en selectieve rapportage te voorkomen; c) het zoeken naar statistische
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verbanden in een gegevensverzameling te voorkomen.
In de volgende twee hoofdstukken hebben we nieuwe uitkomstmaten geïntroduceerd
om de impact van osseointegratie implantaatchirurgie en de daaropvolgende revalidatie te
evalueren. Onze hypothese was dat symmetrie in de coronale vlak kinematica en heupabductor
kracht zouden verbeteren na gebruik van een botverankerde prothese in vergelijking met het
gebruik van een kokerprothese (hoofdstuk 5). Om deze hypothese te kunnen testen, hadden
we meetmethoden nodig om deze uitkomstmaten in de dagelijkse klinische praktijk te
meten. De evaluatie van de interventie (operatie en revalidatie) maakt namelijk deel uit van
de standaard zorg. In hoofdstuk 6 hebben we de ontwikkeling beschreven van een methode
voor het testen van de heupabductor kracht met behulp van een draagbare dynamometer.
De definitieve versie van de test was valide en test-hertest reproduceerbaar. De test bleek
niet bruikbaar in een interbeoordelaarssetting ondanks goede betrouwbaarheidsschattingen,
vanwege de vermoedelijke aanwezigheid van systematische bias en bias gerelateerd aan de
grootte van de spierkracht. De reproduceerbaarheid van de definitieve versie van de test
werd getest bij 44 deelnemers met een beenamputatie, terwijl de concurrente validiteit
werd vastgesteld bij 30 gezonde deelnemers. In hoofdstuk 7 presenteerden we een
driedimensionaal (3D; inertial measurement units) en een tweedimensionaal (2D; op video
gebaseerd) systeem om coronale vlak kinematica tijdens het lopen te verkrijgen. We hebben
de test-hertest reproduceerbaarheid van beide systemen getest en de interbeoordelaar
reproduceerbaarheid van het 2-D-systeem bij deelnemers met een beenamputatie (groep 1;
n = 25) en gezonde proefpersonen (groep 2; n = 41). De discriminante validiteit werd bepaald
met een vergelijking binnen de groep voor het 3D-systeem en met een vergelijking tussen
de groepen voor beide systemen. Beide systemen bleken test-hertest betrouwbaar te zijn,
zowel in groep 1 als in groep 2. Het 2-D systeem was ook interbeoordelaar betrouwbaar.
De vergelijking binnen de groep van het 3-D-systeem onthulde een statistisch significante
asymmetrie van 0.4° - 0.5° in groep 1 en geen statistisch significante asymmetrie in groep
2. De vergelijking tussen de groepen toonde aan dat de maximale amplitude in de lage
rug naar de aangedane zijde (MARL; 3-D-systeem) en de stomp - romphoek (2-D-systeem)
significant groter waren, met een gemiddeld verschil van respectievelijk 1.2° en 6.4°, dan de
maximale amplitude van gezonde proefpersonen. Deze gemiddelde verschillen waren echter
kleiner dan de kleinste detecteerbare verandering (SDC) van groep 1 voor zowel de MARL
(SDCagreement: 1.5°) als de stomp- romphoek (SDCagreement: 6.7°- 7.6°). Daarom concludeerden we
dat de 3-D- en 2-D-systemen die in dit onderzoek werden getest niet gevoelig genoeg waren
om echte verschillen te detecteren binnen en tussen deelnemers met een beenamputatie en
gezonde proefpersonen ondanks de veelbelovende reproduceerbaarheidsparameters voor
sommige van de uitkomstmaten. Dit inzicht leidde tot uitsluiting van coronale vlak kinematica
symmetrie als een uitkomstmaat in de 5-jaar follow-up studie.
In hoofdstuk 8, een voor-na cohortstudie, presenteren we de eerste voorlopige resultaten
van de één jaar follow-up als onderdeel van onze 5-jaar follow-up longitudinale studie. De

S

279

doelstellingen waren: 1) het niveau van functie, activiteiten, HRQoL en tevredenheid te
vergelijken bij personen met een amputatie van de onderste extremiteit vóór de operatie
en zes en twaalf maanden na implantatie van een osseointegratie implantaat. 2) om de
complicaties te rapporteren. We includeerden de 40 opeenvolgende personen (mediane
leeftijd: 56 jaar) die tussen april 2014 en maart 2016 een transfemoraal (31) of transtibiaal (9)
osseointegratie implantaat ontvingen. De belangrijkste uitkomstmaten waren: heupabductor
kracht, prothesegebruik, frequentie van rugpijn, post-operatieve pijn, mobiliteitsniveau (TUG
en rolstoelgebondenheid), loopvaardigheid (6MWT en loopafstand in het dagelijks leven),
HRQoL, tevredenheid met betrekking tot de prothese en complicaties. We ontdekten dat
de abductor kracht, het prothesegebruik, de loopafstand, de kwaliteit van leven en het
tevredenheidsniveau na zes en twaalf maanden aanzienlijk toenamen ten opzichte van
baseline (p≤0.002). De TUG en 6MWT toonden geen verandering na zes maanden followup (p≥0.420), maar verbeterden significant na twaalf maanden follow-up in vergelijking met
baseline (p≤0.038). De rolstoelgebondenheid daalde van 12/40 deelnemers bij baseline tot
0 bij follow-ups. Rugpijn veranderde niet over de tijd (p≥0.437). Stomppijn was aanwezig in
respectievelijk 28/39 en 22/40 van de deelnemers na zes en twaalf maanden follow-up. Al onze
vooraf opgestelde hypotheses met betrekking tot de verbetering in functionele uitkomsten
werden bevestigd met uitzondering van de verwachte afname van de frequentie van rugpijn,
dit werd alleen gevonden in de subgroep van deelnemers die niet-rolstoelgebonden waren bij
baseline. De grootste complicaties waren gemakkelijk te behandelen en omvatten drie kleine
osseointegratie implantaatdefecten en vier botbreuken. Een beloop zonder complicaties
was er voor 19/31 transfemorale en 4/9 transtibiale botverankerde prothesegebruikers. We
concludeerden dat botverankerde protheses tot betere prestaties leiden en veilig lijken, dus
ze kunnen worden overwogen voor personen met koker gerelateerde problemen.
In hoofdstuk 9 geven we een overzicht van onze belangrijkste bevindingen en inzichten
in de methodologische tekortkomingen van onze studies (en die van het veld). Ten slotte
bespreken we de implicaties van dit proefschrift voor de toekomstige klinische praktijk en
onze aanbevelingen voor toekomstig onderzoek. Uitdagingen voor toekomstig onderzoek
zijn: a) het gebruik van een studie design dat het bewijsniveau verhoogt; b) het verzamelen
van unieke en multi-factoriële resultaten van grote cohorten; c) het openen van de
black box in termen van inzicht in de impact op weefselniveau door het gebruik van een
botverankerde prothesen, het selecteren van de ideale doelpopulatie voor osseointegratie
implantaatchirurgie en de daaropvolgende revalidatie en het optimaliseren van de interventie
(osseointegratie implantaatchirurgie en revalidatie).
De inhoud van dit proefschrift benadrukt het belang van onderzoek naar functionele
uitkomsten op het gebied van osseointegratie implantaatchirurgie, maar ook de uitdagingen
van het combineren van onderzoek en dagelijkse klinische praktijk. Ondanks de verschillende
beperkingen zoals uiteengezet in dit proefschrift, kunnen we concluderen dat botverankerde
prothesegebruik een positief effect heeft voor de meerderheid van de personen met
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koker gerelateerde problemen, omdat de verhouding tussen gezondheidsvoordelen van
de botverankerde prothese en de complicaties gunstig lijkt. Daarom zullen we doorgaan
met de behandeling van patiënten met deze chirurgische techniek en het daaropvolgende
gepersonaliseerde revalidatieprogramma dat we verder zullen optimaliseren voor onze
toekomstige patiënten.
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Het dankwoord, misschien wel het belangrijkste hoofdstuk van dit proefschrift. Dankzij de
ondersteuning van onderstaande mensen is dit proefschrift voorspoedig tot stand gekomen.
Een hoofdstuk zonder auteurs handleiding met daarin allerlei eisen omtrent de layout en
een woordenlimiet, geen peer review procedure, geen impact factor en geen scope van
het tijdschrift waar je rekening mee dient te houden. Het dankwoord: appeltje-eitje zou je
verwachten. Niets is minder waar, want vind maar eens de juiste woorden én voor je het weet
vergeet je iemand. Bij deze voor alle mensen die hieronder niet expliciet genoemd worden
maar wel een bijdrage hebben geleverd aan mijn proefschrift; oprecht dank je wel!
Prof. dr. M.W.G. Nijhuis-van der Sanden, beste Ria. Wat had je een vooruitziende blik bij mijn
start aan de pre-master klinische gezondheidswetenschappen toen je zei: “Zullen we er een
promotietraject van maken?” Mijn antwoord daarop was: “Doe maar niet, eerst maar eens
kijken of ik de wereld van de wetenschap wel leuk vind.” Nu, ruim 2 jaar na de afronding van
de master, bleek dat je het goed gezien had, zoals zo vaak tijdens mijn promotietraject. Dank
je wel voor je tomeloze inzet, precisie, helikopter view, zorgzaamheid en diplomatie. Door jou
heb ik kunnen groeien als wetenschapper en was mijn promotietraject plezierig ondanks de
pieken en dalen.
Prof. dr. ir. N.J.J. Verdonschot, beste Nico. Een refereerbijeenkomst over het TLEMsafe-project
was de start van onze samenwerking en heeft tot hoofdstuk 4 van dit proefschrift geleid.
Daarna volgde nog meer projecten, waaronder de ValedoMotion studie (hoofdstuk 7), de
congenitale heupdysplasie studie en de MyLeg studie. Jouw ambitie om diagnostische en
evaluatiemethoden te ontwikkelen voor orthopedische patiënten sluit naadloos aan bij
mijn ambitie om de (revalidatie)zorg van patiënten met een beenamputatie te verbeteren.
Hiervoor is het nodig dat we inzicht krijgen in de black box én klinimetrie te ontwikkelen die
bruikbaar is in de klinische praktijk. Met de MyLeg studie kunnen we hier de eerste stappen in
zetten. Dank voor het in mij gestelde vertrouwen tijdens verschillende projecten, je openheid
en eerlijkheid, je kennis en kunde en het inzetten van je netwerk om de projecten succesvol
te voltooien.
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Dr. T.J. Hoogeboom, beste Thomas. Als dagelijkse begeleider heb ik jou het meest bestookt
met mailtjes en vragen. Bijzonder genoeg kreeg ik altijd binnen afzienbare tijd antwoord,
zelfs in de nachtelijke uren. Het antwoord was altijd verhelderend en vaak ook voorzien van
de nodige onzin zoals de verwijzingen naar ninja’s en songteksten: “Lekker nummertje!” Je
bent onnavolgbaar als het gaat om het aanleveren van websites met inhoudelijke, handige,
nutteloze en grappige informatie. Het doorhakken van de spreekwoordelijke knopen werd
door jouw input een stuk gemakkelijker. Dank voor je relativerend vermogen, je kennis, je
humor en het briljante modellenwerk (hoofdstuk 6, figuur 5).

285

Dr. J.P.M. Frölke en Dr. H. van de Meent, beste Jan Paul en Henk. Zonder jullie lef was er
geen botverankerde prothese in Nederland geweest. Deze topreferente zorg en de
wetenschappelijke niche, op het vlak van de revalidatie en de functionele uitkomsten
na osseointegratie implantaatchirurgie, waren belangrijke drijfveren voor mijn prille
wetenschappelijke carrière. Ook al zijn we het inhoudelijk niet altijd eens, ik waardeer oprecht
jullie inspanningen om osseointegratie nationaal en internationaal meer bekendheid te geven
en de kwaliteit van de zorg te verbeteren. Bedankt voor de samenwerking, de introductie bij
jullie internationale netwerk, het faciliteren van congresbezoeken en het goede gezelschap
tijdens de congresbezoeken.
Promotie commissie. Dank voor jullie bijdrage aan de promotieplechtigheid. Tevens wil ik de
leden van de manuscript commissie, prof. dr. M.M. Rovers, prof. dr. W.J.H.J. Meijerink en prof.
dr. P.U. Dijkstra bedanken voor het beoordelen van mijn proefschrift.
Gerben, Shanna, Charlotte, Peter Paul en Yvette. Dank voor jullie collegialiteit, flexibiliteit en
gezelligheid. Deze belangrijke eigenschappen van het Radboud Amputatie Team hebben mij
enorm geholpen om wetenschap te combineren met de dagelijkse klinische zorg. Ik ben blij dat
jullie mijn naaste collega’s waren en zijn. Hopelijk kunnen we deze bijzondere samenwerking
nog vele jaren voortzetten. Gerben en Shanna bedankt dat jullie mij als paranimfen bij willen
staan op deze bijzondere dag. Gerben bedankt voor je bijdrage aan mijn publicaties. Shanna
bedankt voor het faciliteren van mijn onderzoeksuren afgelopen twee jaar, dat droeg bij aan
een betere balans tussen werk- en privétijd.
Beste Tom, Annemarie, Tjarda, Esther en Anouk. Dank voor jullie inzet om de logistiek rondom
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