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ABSTRACT  
Background: Individuals with a transfemoral amputation often experience 

limited walking abilities and difficulties with balance. These difficulties may 

arise not only from the loss of a limb but also from changes in the muscles in 

the residual limb post-amputation, such as muscle atrophy, increased 

intermuscular fat, and alterations in muscle architecture. This can result in loss 

of muscle function. Individuals with a transfemoral amputation indeed show 

decreased muscle strength in the residual limb compared to the intact limb. 

Although research has shown that muscle strength deficits in individuals with 

a transfemoral amputation are associated with difficulties in daily 

functioning, residual limb control, and walking performance, the specific role 

of residual muscle adaptations in contributing to these strength deficits and 

functional challenges remains unclear. Therefore, this paper presents a cross-

sectional study protocol to investigate hip muscle geometry and function 

following transfemoral amputation, with the goal of understanding muscle 

adaptations and their functional consequences. Additionally, the influence of 

various amputation related factors, including the surgical technique, will be 

investigated. 

Methods: Individuals aged 18 years or older who have undergone a 

unilateral transfemoral amputation within the past 1-5 years and are 

actively using a prosthesis (K-level ≥ 2) will be recruited. Participant 

characteristics such as age, sex, weight, height, cause, and date of 

amputation will be collected via a questionnaire. Study measurements will 

include a 1,5T Magnetic Resource Imaging scan to gather data on muscle 

geometry and femur length for both the residual and intact limbs, and a 

dynamometer strength test (isokinetic and isometric) to assess the hip muscle 

strength for each muscle group. The L Test of Functional Mobility will be 

performed to evaluate physical function. If possible, participants will be 

grouped based on the surgical technique used (myodesis vs. myoplasty) to 

allow group comparisons. Within-subjects differences will be assessed as the 

differences between the intact and residual limb, and Pearson’s correlation 

coefficients will be used to examine the relationships between muscle 

geometry and hip muscle strength. Ethical approval has been obtained by 

the Medical Ethical committee of the University Medical Center Groningen 

(METc 2024/392). 
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Introduction 
Individuals with a transfemoral amputation (TFA) often 
face challenges with walking and maintaining balance.1,2 
These functional limitations could be attributed to the 
anatomical changes that occur following amputation.3 A 
TFA results not only in the loss of structures below the 
amputation level, but also in adaptations in the residual 
structures above amputation level.3–6 Understanding how 
these adaptations affect functionality is crucial for 
optimal rehabilitation, making informed surgical 
decisions, and understanding the possibilities of regaining 
mobility.  
 
Studies have shown that following TFA, there is muscle 
atrophy and an increase in intermuscular fat in the 
residual limb,3–5 both of which can potentially impair 
muscle functioning.5–7 In addition to these changes in 
muscle volume and fat composition, the architecture of 
muscles is also altered following TFA.3 Jaegers et al.3 
observed that some transected hip muscles were 
reattached in different positions – either more ventral, 
dorsal, medial, or lateral – relative to the femur. These 
changes in muscle reattachment altered the muscle’s line 
of action compared to the muscles on the intact side. This 
shift in the line of action alters the muscle’s moment arm 
and the direction of the force relative to the hip joint, 
thereby influencing its function around the hip.3 Also the 
change of the once biarticular muscles into monoarticular 
muscles affect their function and recruitment.8,9  
 
In addition to alterations in muscle geometry – which 
encompasses both muscle morphology and architecture – 
individuals with a TFA demonstrate decreased muscle 
strength in the residual limb compared to the intact 
limb.10–12 Isometric and isokinetic peak torques are 
reported to be 22% to 33% lower in the residual limb 
compared to the intact limb, in individuals 1 month to 10 
years post-amputation.10,11,13 However, one study found 
no significant differences in isometric hip abduction and 
adduction torque,10 and another more recent study 
reported significantly higher isometric peak torques in the 
residual limb compared to the intact limb after 
normalizing to body mass and thigh length, following a 
median of 12 years post-amputation.14 Although 
research has shown that muscle strength deficits in 
individuals with a TFA are associated with difficulties in 
daily functioning, residual limb control, and walking 
performance,15,16 the specific role of residual muscle 
adaptations in contributing to these strength deficits and 
functional challenges remains unclear.  
 
Understanding the muscle adaptations following TFA and 
their functional consequences is important not only for 
enhancing rehabilitation but also for optimizing surgical 
techniques. In TFA surgery, two surgical techniques can be 
used to reattach the dissected muscles in the residual limb. 
First, with a myodesis, the distal end of the dissected 
muscles are sutured to the end of the femur, while, 
secondly, with a myoplasty, muscle groups are sutured to 
the antagonistic muscle group, without an attachment to 
the femur.17 Evidence on how these two methods affect 
muscle adaptations and functionality of the residual limb 
is limited, although some studies suggest that myodesis 
may provide better muscle function, improved 

rehabilitation outcomes,8,18 and a better maintenance of 
the normal femoral anatomical alignment compared to 
myoplasty.19,20 Another surgical aspect that can influence 
muscle geometry and function is the residual limb length, 
as it determines which muscle insertions remain intact and 
affects the length of the muscles' lever arms. A prior 
mixed-method study concluded that a longer residual 
limb length has advantages for gait parameters, 
preventing flexion and abduction contractures, and 
controlling the prosthesis.21 Furthermore, a Magnetic 
Resonance Imaging (MRI) study reported more atrophy in 
shorter residual limbs, also highlighting the benefits of a 
longer residual limb length.3 On the other hand, a 
modelling study found that femur length had little effect 
on muscle capacity as long as muscle tension was 
preserved, suggesting that muscle stabilization may be 
more important than preserving limb length.8 
Understanding the relationship between the surgical 
procedure and the geometrical and functional muscle 
changes following TFA can provide valuable insights into 
the benefits of different surgical techniques and residual 
limb lengths. This knowledge can assist surgeons in making 
evidence-based choices and can help clinicians to 
optimize and individualize rehabilitation care, focusing 
on restoring function.  
 
The golden standard to evaluate muscle volumes and 
three-dimensional muscle properties is MRI.22 Previous 
studies already used MRI to examine the muscle 
geometry in individuals with a TFA.3,4,6,23 While a 
relationship between residual limb length and the amount 
of atrophy has been reported,3 only two studies have 
attempted to compare the changes in muscle geometry 
after TFA between myodesis and myoplasty.3,24 Both 
studies were unable to draw conclusions because of small 
sample sizes (respectively n=12 and n=4), and the 
scarcity of available operation reports.3,24 When 
comparing MRI measurements with functional outcomes 
following TFA, only one study investigated how muscle 
volume in the residual limb affected clinical function in 
individuals with a unilateral TFA using a prosthesis.25 They 
concluded that the larger the ratio of hip flexor/hip 
extensor volume in the residual limb, the lower the 
oxygen consumption rate during walking. However, only 
five participants were included, and no correlations were 
found between muscle volume and gait and balance 
assessments.25 Additionally, this study did not assess the 
relationship between muscle volume and muscle 
strength.25 Therefore, information about the relationship 
between muscle geometry, muscle strength and functional 
outcomes in individuals with a TFA is still lacking.  
 
Since it is unclear how muscle adaptions following TFA 
affect functionality, further research is needed to 
describe adaptions in muscle geometry, strength and 
function following TFA, and to explore their 
interrelationships. Additionally, to understand how 
surgical techniques influence these adaptations, the 
differences between myodesis and myoplasty as well as 
the impact of residual limb length needs to be 
explored. This paper presents a cross-sectional study 
protocol designed to investigate muscle geometry and 
function following TFA, with the goal of understanding 
muscle adaptations and their functional consequences. 
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Methods 
The Medical Ethics Committee of the University Medical 
Center Groningen (METc) has assessed and ethically 
approved the study protocol (METc 2024/392). The 
study will adhere to the principles of the Declaration of 
Helsinki (October 2013) and comply with the Medical 
Research Involving Human Subjects Act. 
 
STUDY AIMS 
The main goal of the study is to examine and describe 
the differences in muscle morphology and muscle strength 
of the hip muscles in the residual limb compared to the 
intact limb in individuals with a TFA, and to explore how 
muscle morphology and muscle strength are related. The 
secondary aims are to explore the potential differences 
in muscle geometry and muscle strength between surgical 
techniques (myodesis vs. myoplasty), and to gain insight 
into the impact of the residual limb length on these 
outcomes. Additionally, the relationships between the 
muscle geometry, muscle strength, and functional mobility 
will be explored. 
 
STUDY DESIGN AND POPULATION 
This cross-sectional study will be carried out at the Hanze 
University of Applied Sciences Groningen in collaboration 
with the University Medical Center Groningen (UMCG). 
Individuals who have undergone a TFA within the past 1-
5 years and are walking with a prosthesis will be 
included. The study will be a nationwide study conducted 
in the Netherlands. Participants will be recruited by 
healthcare professionals and researchers from or 
affiliated with the UMCG. In addition, open recruitment 
efforts will include distributing posters in rehabilitation 
centers, as well as utilizing social media platforms and 
networks of patient associations. Based on the performed 
sample size calculation (See ‘Sample Size Calculation’), 
the aim is to include a total of 27 participants. Informed 
consent will be obtained from all participants. 
 
Inclusion criteria: 

• The participant has a primary, unilateral 
transfemoral amputation; 

• The transfemoral amputation was performed 1 
to 5 years ago; 

• The participant is aged 18 years or older; 

• The participant is fitted with a prosthesis and is 
actively using it (≥ K-level 2); 

• The participant meets the criteria to be eligible 
for an MRI, which will be confirmed by checking 
the MRI screening form the participant fills in. 

 
Exclusion criteria: 

• The participant is showing signs of dementia or 
other cognitive impairments, which limit their ability 
to read the information letter and fill in the 
screening form; 

• The participant does not have sufficient knowledge 
of the Dutch language to read the information 
letter or answer the questions; 

• The participant has a bone-anchored prosthesis; 

• The participant has a contraindication for MRI after 
screening.  

 
If possible, participants will be sampled purposefully to 
match the two groups of myodesis and myoplasty by age, 
sex, and time since amputation. The participant’s 
operation report will be obtained and reviewed to 
determine the surgical technique used (myodesis vs. 
myoplasty). If this information is missing, it will be 
obtained from the surgeon. 
 
DATA ACQUISITION  
Participant characteristics (e.g., age, sex, body weight, 
height) and amputation details (cause and date of 
amputation, details on prosthetic use, K-level) will be 
collected via a questionnaire. A 1,5T MRI-scanner 
(Siemens Magnetom Aero Ecoline, 1,5 Tesla, Siemens, 
Germany) will be used to collect MRI data and obtain 
information about the muscle geometry and residual limb 
length. The participant will be positioned in supine 
position with feet towards the magnet. 3D T1-VIBE 
DIXON isotropic images of both legs will be acquired 
using two packages, which will be composed into a single 
view. The imaging field-of-view for each package will be 
450x450 mm, with an axial-plane resolution of 1.2x1.2 
mm and a slice thickness of 1 mm. The scan will cover the 
area from the iliac crest to the caput fibulae of the intact 
limb. For the full MRI scan protocol, see: 
https://doi.org/10.17605/OSF.IO/4PZU2. 2D contours 
of muscles, fat and bone will be subtracted from the MRI 
using Mimics (Mimics, Materialise, Belgium) or 
comparable software. The 2D contours will be combined 
to get 3D images and to obtain information about the 
muscle geometry.  
 
A HUMAC NORM (CSMi Medical Solutions, Stoughton, 
MA, USA) isokinetic dynamometer will be used to assess 
the isokinetic and isometric hip muscle strength per muscle 
group, for both the residual and intact limb. Strength 
testing will be conducted according to the measurement 
protocol outlined by Crozara et al..10 For the hip 
abduction-adduction strength participants will be 
positioned in lateral decubitus with 15° of hip abduction 
(Figure 1A). For the hip flexion-extension strength, 
participants will be positioned in a supine position with 
60° of hip flexion (Figure 1B). The trunk, hip and 
contralateral limb will be stabilized by adjustable straps. 
The HUMAC NORM's 'Zero Gravity Mode' will be used 
to eliminate the weight of the limb, enabling accurate 
measurements. After positioning, the hip muscle strength 
will be assessed following the testing procedures 
described below. 

 

https://doi.org/10.17605/OSF.IO/4PZU2
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For hip abduction-adduction, isokinetic strength 
assessments will be conducted at angular velocities of 
30°/s and 90°/s over a maximum range of 30 degrees 
adduction to 45 degrees abduction. Participants will 
perform three practice submaximal voluntary 
contractions to familiarize themselves with the movement 
and velocity, followed by five repetitions at 30°/s and 
90°/s. A 2-minute rest will be given after each isokinetic 
testing sequence. Subsequently, isometric strength testing 
will be conducted, consisting of three sets of 5-second 
maximal isometric voluntary contractions at 15° of hip 
abduction, with a 30-second rest between repetitions and 
a 1-minute rest after the three sets. Participants will 
perform one submaximal contraction for practice before 
the isometric test.  
 
For hip flexion-extension, isokinetic strength assessments 
will be conducted at angular velocities of 60°/s and 
180°/s over a maximum range of 0 to 120 degrees. 
Participants will perform three practice submaximal 
voluntary contractions to familiarize themselves with the 
movement and velocity, followed by five repetitions at 
60°/s and 10 repetitions at 180°/s. A 2-minute rest will 
be given after each isokinetic testing sequence. 
Subsequently, isometric strength testing will be conducted, 
consisting of three 5-second maximal isometric voluntary 
contractions at 60° of hip flexion, with a 30-second rest 
between repetitions and a 1-minute rest after the three 
sets. Participants will perform one submaximal 
contraction for practice before the isometric test. 
Participants will receive verbal encouragement to 
perform maximal muscle contractions. 
 
As a third measure, the L Test of Functional Mobility (L 
Test) will be performed to assess physical function.26 The 
L Test provides an assessment of walking over a distance 
of 10 meters and involves turning in two directions, 
forming an ‘L’ shape. This measure is used in individuals 
with a lower-limb amputation as a replacement of the 
Timed Up and Go (TUG) to overcome the ceiling effect 
of the TUG.26 
 

OUTCOMES AND DATA ANALYSIS 
Table 1 shows the baseline characteristics, primary 
outcomes, and secondary outcomes that will be collected. 

The primary outcomes include the muscle volume (cm3) of 
the hip adductors, abductors, flexors and extensors; the 
amount of inter- and intramuscular fat (cm3); and the hip 
muscle strength per muscle group (Nm). Muscle groups 
that will be assessed are listed in Table 2. Muscle volume 
and inter- and intramuscular fat will be extracted from 
MR images and calculated for both the intact and 
residual limb of each individual. The degree of muscle 
atrophy in the residual limb will be calculated by 
determining the muscle volume of the residual limb as a 
percentage of the muscle volume in the intact limb. The 
hip muscle strength will be determined by calculating the 
highest muscle torque among repetitions for each 
movement trial, under both isometric and isokinetic 
conditions. Strength measurements for the adductors, 
abductors, flexors, and extensors of the hip will be 
compared between the residual and intact limbs. The 
torque-angle relationship will be visualized to 
demonstrate how much torque can be delivered 
throughout the entire range of motion during isokinetic 
testing. Within-subject differences will be analyzed to 
compare the muscle morphology and function between 
the intact and residual limbs. Additionally, where 
appropriate, muscle morphology and strength 
measurements will be normalized to body dimension 
metrics and the measurements of the intact limb. Both 
absolute and normalized values will be reported. 
 
Secondary outcomes include the femur length (cm) and 
the time score on the L Test (s) (Table 1). Femur length will 
be used to assess the residual limb length. For the residual 
limb, this will be measured from the greater trochanter to 
the most distal point of the femur. For the intact limb, this 
will be measured from the greater trochanter to the 
lateral femoral epicondyle. These measurements can also 
be taken without imaging facilities and therefore 
facilitate comparisons with other literature.6 Functional 
mobility will be assessed using the L Test score, which 
records the time a participant takes to complete the 
test.26 On a more qualitative basis, the muscle 
architecture will also be explored. 
 
 

  

Figure 1: Schematic representation of participants’ positioning during hip strength testing for 
hip abduction-adduction (A) and hip flexion-extension (B).  

A B 
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Table 1: Primary and secondary outcome measures 

 
 
Table 2: Hip muscle groups assessed   

Hip adductors Hip abductors Hip flexors Hip extensors  

Adductor magnus Gluteus medius Iliopsoas Gluteus maximus 

Adductor longus Gluteus minimus Quadriceps femoris: Hamstrings: 

Adductor brevis Tensor fasciae latae - Rectus femoris - Semimembranosus 

Gracilis  - Vastus musculature* - Semitendinosus  

Pectineus  Sartorius - Biceps femoris 

* While the vastus muscles are knee extensors, they are included here due to their belonging to the quadriceps femoris group and their possible reattachment to the hamstrings during TFA. 

 
  

Outcome Measure Description Measurement Method Units  
Baseline characteristics    
Participant characteristics Age, sex, height, weight, comorbidities, leg dominance  Self-reported, stadiometer and 

scale  

Years, female/male/other, cm, kg 

Amputation details Amputation cause, time since amputation, prosthetic use, 
surgical technique used 

Self-reported and obtained 
from the operation report or the 
surgeon 

Trauma/vascular/oncological/ 
other, months, K-level 

Primary outcomes    
Muscle volume The total volume of muscle tissue per muscle group MRI scan cm3 and percentage (%) of the muscle volume 

of intact limb 
Inter- and intramuscular fat Intermuscular fat refers to the amount of fat located 

underneath the muscle fascia, while intramuscular fat is 
defined as the fatty infiltration within individual muscle groups 

MRI scan cm3, % of total volume and % of intact limb 

Hip flexion and extension torques The rotational force produced by the hip muscles during 
flexion and extension 

Isokinetic and isometric 
dynamometry 

Nm, Nm/kg and % of intact limb 

Hip abduction and adduction 
torques 

The rotational force produced by the hip muscles during 
abduction and adduction 

Isokinetic and isometric 
dynamometry 

Nm, Nm/kg and % of intact limb 
 
 
 
 

Secondary outcomes    
Functional Mobility Measures the ability to perform a sit-to-stand, walking and 

turning task 
L Test of functional mobility Time to complete (s) 

Femur length The length of the femur measured from the lateral aspect of 
the greater trochanter till the distal end of the femur (residual 
limb) or to the lateral femoral epicondyle (intact limb)  

MRI scan and in vivo cm, % of body height and % of intact limb 
length 
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STATISTICAL CONSIDERATIONS 
Descriptive statistics will be used to summarize participant 
characteristics, amputation details, muscle volume, inter- 
and intramuscular fat, femur length, hip muscle strength 
and the score on the L Test. Continuous variables will be 
presented as the mean and standard deviation or as the 
median and interquartile range, when appropriate 
depending on normality. Categorical variables will be 
presented as frequencies and percentages. Summary 
statistics will be given for the residual and intact limb and 
for the myodesis and myoplasty group, when 
appropriate. The primary outcomes are planned to be 
compared between the intact and residual limbs using 
dependent samples t-tests for normally distributed 
variables or Wilcoxon Signed-Rank tests for skewed 
distributed variables. Pearson's correlation coefficients 
are planned to be used to explore the relationships 
between muscle morphology outcomes and hip muscle 
strength. To meet the secondary research objectives, the 
differences in muscle geometry and hip strength between 
the myodesis and myoplasty groups will be explored. An 
independent samples t-test is planned to be used for 
normally distributed variables, and a Mann Whitney U 
test for skewed variables. To ensure a fair comparison 
and eliminate interindividual differences, the values 
normalized to the intact limb will be used for this analysis. 
If power allows (depending on distribution in inclusion), 
multiple linear regression analysis will be used to explore 
any effects of the residual limb length and surgical 
technique on the primary outcomes. As a secondary 
analysis, the relationships between the primary outcomes 
and functional mobility will also be explored. Statistical 
significance level is set to p < 0.05. Analysis will be 
performed using IBM SPSS Statistics software version 28 
(IBM Corp., Armonk, New York, USA) and R version 4.3.2 
(R Foundation for Statistical Computing, Vienna, Austria). 

SAMPLE SIZE CALCULATION 
A power calculation was performed in R to determine the 
required sample size to address the research question on 
the correlation between muscle morphology and hip 
muscle strength. Since there are no known correlations 
between muscle morphology and hip muscle strength in 
the respective target group, the expected correlation 
was based on the relationship between thigh muscle fat 
infiltration and thigh muscle strength in patients with type 
2 diabetes mellitus.27 The reported correlation between 
the amount of inter- and intramuscular fat and the 
produced peak torque and total work was considered for 
this. The mean correlation was -0.52, which was used as 
expected correlation. Together with a statistical 

significance level of α=0.05 and power of 80%, 27 

participants will be needed for the current study to detect 
the relationship between muscle morphology and muscle 
strength in the residual limb of individuals with a TFA. The 
R script has been published elsewhere 
(https://doi.org/10.17605/OSF.IO/4PZU2). Given the 
limited research on this topic within the target population, 
interim analyses will be conducted to assess whether the 
previously mentioned correlations and effects emerge at 
an earlier stage. 
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