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Abstract 

 
The soft tissue of the residual limb in transtibial prosthetic users encounters unique 

biomechanical challenges. Although not intended to tolerate high loads and 

deformation, it becomes a weight-bearing structure within the residuum-prosthesis-

complex. Consequently, skeletal muscles may be damaged, resulting in Deep Tissue 

Injury (DTI). While considerable effort has gone into DTI research on immobilised 

individuals and static loading conditions, only little is known about the effect of a 

dynamic loading environment as experienced by prosthetic users. The aim of this 

project was therefore to investigate the influence of prosthesis-related loading 

conditions on skeletal muscle tissue with the means of a newly developed ex vivo 

animal model. 

Soleus and extensor digitorum longus muscles of male Sprague Dawley rats were 

dissected and transversely compressed with a flat-ended indenter. The generated 

compressive stress was predicted through finite element modelling. Five different 

protocols were tested: (a) static loading for 1h or 2h representing standing and sitting, 

(b) dynamic loading with a frequency of 1.42Hz for 1h or 2h representing walking, and 

(c) dynamic loading with a frequency of 4Hz for 1h representing running. 

Subsequently, dead cells were identified through fluorescent staining with Procion 

Yellow MX4R and quantified in a semi-automated process. 

Extending the loading duration increased the amount of cellular damage significantly. 

Additionally, dynamic loading with a high frequency was more damaging than low 

frequency and static loading, suggesting the need to reconsider existing magnitude- 

and duration-based cell death thresholds. While a direct translation of these results to 

the prosthetic user is difficult, they provide important insights into the adaptive 

capabilities of skeletal muscle. This can contribute to further research into the role of 

soft tissue deformation in residual limb pain and could inform future directions for 

prosthetic socket design and user guidelines.  
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Problem statement - This project addresses the limited fundamental 

understanding of the influence of prosthetic use on soft tissue health.  

Most people transferred to prosthetic services in the UK present with lower limb 

amputation [1]. Lower limb amputees in general are more successful in using a 

prosthesis with higher functional outcomes as compared to transfemoral amputation 

levels [2, 3]. However, this also puts them at risk of soft tissue damage from prosthetic 

use. This project therefore focusses on the skeletal muscles of the lower limb. 

Increased need for quality prosthetics ï We face an increasing need for quality 

prosthetics and prosthetic services across the world. In the UK, over 160 people 

undergo lower limb amputation surgery every week, caused by diabetes alone [4]. 

This extends to a global scale, with one individual losing a limb every 30 seconds 

because of complications of diabetes worldwide [5]. Considering our ageing 

population, the situation will probably worsen over the decades to come [6, 7]. 

Additionally, the World Health Organisation estimated that former and ongoing 

conflicts led to the deposit of over 110 million landmines in 70 countries over the last 

65 years, causing limb loss for thousands of people [8]. Despite acts to prohibit the 

use of landmines like the Mine Ban Treaty in 1997 [9], ongoing conflicts like in 

Myanmar and the Ukraine continue to pose a threat [10, 11].  

Amputation surgery - Under the described circumstances, amputation surgery is often 

needed, either as a life-saving procedure or as reconstructive intervention to improve 

functional outcomes [12]. During the surgery, the ankle-foot-complex and a part of the 

shank are removed (Figure 1-1, II. a). First, a skin incision is made to create a skin 

flap ï either a long posterior flap, skew flap, or sagittal flap (Figure 1-1, II. b) [13]. 

Next, the muscles in the limb are transected and the bones, the tibia and fibula, cut 

with a bevelment at the end (Figure 1-1, II. c) [14]. The remaining muscles are 

reattached through myodesis (reattachment to the bone) or myoplasty (attachment to 

opposing muscles) before the surgical site is closed [15]. The remaining part of the 

leg is known as residual limb or residuum. 
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Figure 1-1: Transtibial amputation and rehabilitation process. 

The importance of rehabilitation ï Following surgery, amputees undergo an extensive 

rehabilitation programme. Restoring mobility and independence is key for the physical 

and mental well-being of amputees [16, 17]. Successful rehabilitation may also 

prevent conditions associated with immobility, such as venous stasis, skin pressure 

damage, falls, and obesity. These secondary conditions affect not only the individual 

but also the society and health and welfare services. Expenses for falls and pressure 

ulcers for example amount to over £2Bn each within the NHS [18, 19]. High quality 

prosthetic devices and services therefore play a crucial role in the rehabilitation 

process. 
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Fitting a prosthesis ï An important part of the prosthetic system is the socket (Figure 

1-1, III.). The socket forms the interface between prosthesis and limb. Its shape 

strongly influences the load transfer between bones, soft tissues, and prosthesis. 

Shaping and fitting a socket is usually performed manually by a prosthetist. The 

prosthetist takes a plaster cast of the residual limb to produce a negative mould of the 

residuum. Next, the mould is rectified, i.e. manually modified, around bony 

prominences and sensitive areas. A check socket, a clear test socket, is then often 

made from the mould to clinically evaluate the fit and get patient feedback. Once both 

prosthetist and prosthetic user are satisfied with the result, the user will receive a 

definite socket. 

Problems with socket fit - Unfortunately, the iterative socket fitting procedure presents 

a considerable challenge within the rehabilitation process. Frequent changes in limb 

shape during daily use as well as over weeks and months complicate this procedure 

[20]. Amputees often complain about pain and discomfort caused by an ill-fitting 

socket, which can affect their daily life and reduce acceptance rates [21]. Extreme 

cases might even cause injury or increase the disability. 

Soft tissue deformation - A major problem lies in the missing general agreement and 

understanding of what defines a ñgoodò prosthetic fit. A well-fitting prosthesis should 

create a stiff mechanical coupling between the socket and the limb [20, 22, 23]. A tight 

fit will prevent vertical ñpistoningò movement of the limb inside the socket and improve 

control and stability for the prosthetic user. On the other hand, the soft tissue of the 

residual limb has only limited weight-bearing capability. Balancing a tight fit against 

the risk for tissue injury is therefore a key challenge for successful socket design. 

However, the relationship between prosthesis-related mechanical loads and residual 

limb health is largely unknown.  

Pressure Injuries ï One area of research that could shine a light on these problems 

is pressure injuries, also known as pressure ulcers or decubitus. They develop when 

skin and/or soft tissues are damaged by mechanical loading [24]. A four-stage system 

classifies pressure injuries based on severity and clinical appearance. Over the last 

two decades, researchers and clinicians discovered a new category of pressure 

injuries originally classified as ñunstageable ulcersò. Now known as ñDeep Tissue 

Injuryò (DTI), this pressure injury is caused by prolonged or acute deformation of deep 

soft tissue layers, leading to cell damage. The mechanical damage is exacerbated by 

a pressure-related impairment of the blood and lymphatic flow [25, 26]. If left 
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undetected and untreated, the damage might rapidly evolve into an open wound or 

resolve without tissue loss. 

Skeletal muscle structures seem to be at high risk of tissue damage. When the body 

is in contact with a support surface, peak stresses and strains occur not at the body-

support interface but within deep muscle layers near the bone [27ï31]. Additionally, 

the fibrous structure of skeletal muscle is prone to shear-induced damage [32]. DTI is 

therefore a serious risk for skeletal muscle health. 

Mechanobiology approach ï To unravel the complex and interdependent interaction 

of soft tissue structures with a support surface, a mechanobiology-based approach 

has been adopted. The aim of mechanobiological research is to unveil the impact of 

the mechanical environment on cells and tissues, including their structural integrity, 

morphology, and dynamics. An integral part is the combination of information, 

techniques, concepts, and theories from different disciplines like biology, physiology, 

and biomechanics. Whilst this mechanobiological approach has been successfully 

applied to DTI research in general, its application to the field of prosthetics has been 

limited. 

Interplay of pressure, stress, strain and cell death ï The definition of cell-death 

thresholds marked a breakthrough in DTI research [33, 34]. These thresholds 

characterise how pressure and strain affect the integrity of skeletal muscle cells from 

short (minutes) to extended (hours) periods of time. The focus is thereby on 

immobilised individuals that experience static loading without the ability to shift their 

weight, i.e. people with spinal cord injury or wheelchair users. These thresholds also 

apply to prosthetic users to some extent. Putting on a prosthesis, also known as 

donning, applies a baseline direct stress to the residuum to achieve coupling stiffness. 

When standing on or sitting with the prosthesis, the static load increases. For the 

majority of time, however, individuals are actively moving with their prosthesis. This 

creates a dynamic loading environment with cyclic pressure application. The effect of 

dynamic loading on soft tissue health is yet unexplored.  

Research question ï As far back as in the 1970s, the Committee on Prosthetic 

Research and Development pointed at the relationship between pressure and soft 

tissue damage in prosthetic users [35]. They specifically recommended ñfurther 

studies concerning the effects of frequency of application forceò. Since then, other 

researchers also repeatedly highlighted the missing link between prosthesis-related 

mechanical loads and residual limb health [23, 36ï38]. However, to the authorôs 
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knowledge, little work has been done to close this research gap. This thesis is 

therefore centred around the following research question: 

 

How do dynamic, prosthesis-related loading conditions influence skeletal muscle 

health? 

 

Significance of research ï This thesis will contribute to build the knowledge base on 

the fundamentals of body-device interactions. The results will hopefully help to 

unravel and quantify the mechanisms that contribute to a tissue-safe prosthetic socket 

design. The methods developed for this project will also provide an adaptable 

framework for future research efforts in prosthetics and adjacent areas. On this basis, 

this thesis will be a steppingstone towards scientifically sound prosthetic socket 

design and clinical services of the future.  

Structure of the thesis ï This thesis revolves around the link between two areas of 

research: The mechanical environment of the body-device interface; and the 

biological response of the soft tissue structures. Both will be addressed over the 

following chapters: 

- Chapter 2: Similarities and differences between pressure injuries and 

prosthetic use regarding the aetiology and risk factors for soft tissue damage 

will be identified and discussed. On this basis, a research aim will be 

formulated. 

- Chapter 3: The basics of mechanobiology will be introduced and related 

research methods reviewed. From this, clear objectives for the concurrent 

research will be defined.  

- Chapter 4: A suitable model system for experimental studies will be 

developed. 

- Chapter 5: A robust data analysis workflow will be established. 

- Chapter 6: Supplementary computational studies of the experimental setup 

will be performed.  

- Chapter 7: The newly developed method will be verified in a small-scale study 

on the effect of static loading on skeletal muscle health. 
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- Chapter 8: The effect of different mechanical loading scenarios representative 

of prosthetic use on skeletal muscles will be evaluated, including static and 

dynamic loading. 

- Chapter 9: Potential methods for future work will be highlighted, based on 

preliminary studies and beyond. 

- Chapter 10: The thesis will close with a general discussion and a conclusion 

of the main findings, their implications for prosthetics, and recommendations 

for future work.  



- 8 - 
 

2 CHAPTER 2 

 

Transtibial prosthetic users as risk group for Deep 

Tissue Injuries  

 

A scoping review was conducted to map out and critically appraise existing research 

on Deep Tissue Injuries (DTI) in lower-limb prosthetic users according to (1) the 

population-specific aetiology, (2) risk factors, and (3) methods to investigate both.  

This chapter draws on the authorôs publication ñExploring the role of transtibial 

prosthetic use in Deep Tissue Injury Development: A scoping reviewò in BMC 

Biomedical Engineering (2020) [39]. It was co-authored by Sarah Day and Dr. Arjan 

Buis, who permitted reproduction in this thesis. The article is distributed under the 

terms of the Creative Commons Attribution 4.0 International License 

(http://creativecommons.org/licenses/by/4.0/). 

The idea for this study came from a collaborative effort by the author and her co-

authors, Sarah Day and Dr. Arjan Buis. The authorôs contribution covers the design 

of the study, including the development of the search protocol, the data collection, the 

selection of eligible studies, the analysis and interpretation of the data, and the draft 

of the manuscript.  

http://creativecommons.org/licenses/by/4.0/
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2.1. Introduction to transtibial prosthetics and Deep Tissue 

Injury 

2.1.1. Transtibial amputation and residual limb pain 

Traumatic injuries, tumours, congenital anomalies and severe cases of pathologies 

like peripheral vascular disease can lead to an amputation of the leg below the knee 

[40]. During the amputation surgery, foot, ankle joint, and distal tibia and fibula are 

removed (Figure 2-1). Following surgery, amputees often receive a prosthesis to 

replace the missing limb and restore their mobility. In the UK, over 5000 patients are 

referred to prosthetic services every year, with 77% of individuals having their limb 

removed because of dysvascularity, and 42% related to diabetes [41]. The number of 

diabetic amputees has been increasing significantly over the last decade [41] and 

issues with dysvascularity are predicted to continue to rise across the western world. 

In the US for example, the number of amputees due to dysvascularity could increase 

from less than 1 million in 2005 to 2.3 million in 2050 [40]. This amplifies the need for 

high-quality prosthetic services and devices. 

The main purpose of a transtibial prosthesis is to transfer forces between the ground 

and the bodyôs support structures during ambulation (Figure 2-1). The soft tissues 

that cover the residual limb become part of this load bearing system, even though 

they are not physiologically adapted to withstand high external forces. Thus, skin 

problems, pain, and ulceration may occur, leading to impaired function [42], 

depressive symptoms [43, 44] and ultimately the rejection of the prosthesis [45ï48]. 

Pain and discomfort are thereby major issues, with up to 76% of amputees reporting 

on residual limb pain [48]. They describe residual limb pain as an aching, bothersome 

sensation deep in the residual limb that lasts for several hours or longer [48, 49]. A 

major problem seems to be the fit of the socket [22, 23, 37, 49ï51], which forms the 

interface between residuum and prosthesis. However, although the link between 

extensive loading, socket fit and discomfort is clear, the pathophysiological causes for 

residual limb pain are barely understood. 
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2.1.2.  Deep Tissue Injuries 

One research area which could advance our knowledge towards understanding 

residual limb pain is pressure injuries. Pressure injuries ï also known as pressure 

ulcers, bedsores or decubitus ulcers ï are defined as ñlocalized damage to the skin 

and underlying soft tissueò and are caused by ñintense and/or prolonged pressure or 

pressure in combination with shearò [24]. The severity of this damage can range from 

superficial, skin bound deteriorations, to full thickness tissue loss. Whilst severely 

undermining the well-being of affected patients, pressure injuries also pose a burden 

on the health care system. In the UK, the estimated cost for pressure ulcer 

management amounts to £ 507ï531 million p.a. [52].  

This high number reflects the shortfalls in the prevention, diagnosis, and treatment of 

pressure injuries, which may be ascribed to ambiguities about their aetiology [53]. An 

example for ongoing controversies is the recent addition of Deep Tissue Injuries (DTI) 

to the established pressure injury staging system of the National Pressure Injury 

Advisory Panel (NPIAP)1 [24]. It has long been the prevailing opinion that pressure 

injuries originate at superficial layers and may evolve into deeper tissues [54]. 

 
1 Formerly known as National Pressure Ulcer Advisory Panel (NPUAP) 

a b Figure 2-1: Effect of transtibial 
prosthetic use on weightbearing. 

(a) With a sound limb, the bodyweight 
(red arrow) is transmitted across the 
skeletal structures to the ground 
during weightbearing.  

(b) In a prosthetic user, the soft tissues 
of the residuum and the prosthesis 
become part of this system (dotted 
line). However, the soft tissues are not 
adapted to be a weightbearing 
structure. Accordingly, the residuum 
becomes a risk area for soft tissue 
injury (orange box). 
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Accordingly, the NPIAP defined pressure injury stages based on their visual 

appearance from 1, representing superficial damage, to 4, describing full depth tissue 

loss [55]. However, an increasing body of literature supports the theory of an opposite 

route of development [32, 54, 56ï58]: Researchers now believe that most pressure-

related damage starts in deep tissues at the bone-muscle interface, from where it may 

progress towards superficial layers in a bottom-up pathogenesis [59, 60]. Based on 

its origin, this injury is classified as DTI.  

The aetiology of DTI involves various biomechanical, physiological, and biochemical 

processes on cell and tissue level [23, 28]. A detailed description of these processes 

can be found in Appendix A. The following list gives a summary of the main causes.  

Direct deformation can disrupt the integrity of skeletal muscle cells if the applied 

load is sufficiently high or prolonged.  

Ischemia is caused by a collapse of blood vessels, which obstructs the blood flow 

and therefore the cellsô oxygen and nutrient supply.  

Ischemia reperfusion describes the phase following load removal, where the 

reoxygenation of the tissue aggravates ischemic damage, mainly caused by 

oxidative stress. 

Impaired lymphatic drainage from obstructed lymphatic vessels inhibits the 

removal of potentially damaging substances from the interstitial space and creates 

a toxic cell environment.  

The pathways of tissue damage and cell death are multifactorial and range from 

external mechanical loading, through the tissue level, down to single cells (Figure 

2-2) [56, 61, 62]. However, the exact interplay of different damage pathways is still 

unclear. 
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Figure 2-2: Overview over the process of Deep Tissue Injury development across 
different organisational levels. 

2.1.3.  Physical Stress Theory 

The main cause of DTI is mechanical loading. Mueller and Maluf [63] introduced a 

fundamental concept on the response of tissues to loading, called the ñPhysical Stress 

Theoryò. They postulate that all tissues, be it connective, epithelial, nervous, or 

muscular, display the same five adaptive responses (Figure 2-3). 

1. Maintenance: In the maintenance range, the tissue is in homeostasis, meaning 

that degeneration and production are balanced. 

2. Decreased stress tolerance: If the physical stress levels are lower than 

maintenance, adaptions like atrophy (wasting away of tissue) follow. 

Mechanical load

Soft tissue 
deformation

External Environment

Tissue Environment

Tissue characteristics

Cellular characteristics

Cell Stress Response
Stimulus severe, persistent or cell 

sensitive

Ischemia Ischemia ReperfusionReduced Lymph Flow

Direct Deformation

Failure of adaption

Cell injury or death (Apoptosis, Necrosis)
Inflammation

Muscle stiffening

Damage to
Cell organelles

Cell Level

Toxic Cell 
Environment
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3. Increased stress tolerance: When the stress level is consistently above the 

maintenance level, adaptions like hypertrophy (increase and growth of tissue) 

improve the stress tolerance. 

4. Injury: Excessive exceedance of the maintenance level can damage tissue 

without causing any clinically visible dysfunction. 

5. Death: In extreme cases of overload or, on the contrary, following a severe lack 

of stress, tissue loses its adaptive capacity, resulting in tissue death either 

through apoptotic (programmed) or necrotic (accidental) pathways. 

Tissue injury and death both cause inflammation, leaving tissue more susceptible to 

further stress applications.  

 

Figure 2-3: Effect of physical stress on tissue adaption. Reproduced from [63] with 

permission from publisher2. 

Applying this concept to DTI, physical stress beyond the tissueôs capacity of 

adaptation manifests as deep soft tissue damage. The majority of the research on DTI 

so far focussed on stress overload with either high-magnitude stress for short periods 

or low-magnitude stress over extended periods of time. Researchers defined internal 

and external determinants of DTI development for several risk groups. Examples 

include extended operation duration for surgical patients, sensory impairment in 

people with spinal cord injury, and limited ability to shift weight in wheelchair users 

[27, 28, 64ï70].  

 
2 Mueller and Maluf, Tissue Adaption to Physical Stress: A proposed ñPhysical Stress Theoryò 
to Guide Physical Therapist Practice, Education, and Research, Physical Therapy, 82:4, p. 
383-403, by permission of Oxford University Press 
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Besides overload, Mueller and Maluf [63] stated that insufficient recovery time after 

injury, followed by further stress can also cause an imbalance between tissue damage 

and regeneration. However, repetitive stress has gained far less attention in DTI 

research, policies, clinical guidelines, and clinical practices. Nevertheless, repetitive 

stress might be the connection between residual limb pain in prosthetic users and 

DTI.  

2.2. Aim of scoping review 

The aim of this study was to map out and critically discuss research on DTI in 

transtibial prosthetic users. The focus was on (1) the population specific aetiology, (2) 

risk factors, and (3) methods to quantify and measure both. A scoping review was 

conducted as randomised controlled trials are sparse in rehabilitation science [71]. 

The nature and extent of various types of research were assessed systematically to 

identify gaps in the literature. Connecting the multifaceted challenges of the transtibial 

prosthetic user population with the aetiology of DTI will hopefully precede further 

research in this area. Additionally, the results of this study could inform policies, 

guidelines, risk assessment tools, and international classifications for DTI.  

2.3. Design and methods of scoping review 

The scoping review followed a methodological framework [71, 72] refined by the 

Joanna Briggs Institute (JBI) [73]. It is also compliant with the PRISMA-ScR checklist 

2018 for scoping reviews [74] (Appendix B). 

2.3.1. Search Strategy 

The database search included Pubmed (Medline), Ovid Excerpta Medica (Embase 

classic and Embase), and Scopus. It covered the first possible date for each database 

until June 2019, when the search was conducted. Automatised categorisation of the 

MeSH term ñpressure ulcerò or a database-specific equivalent was utilised. This 

inclusion of the generic pressure ulcer term ensured full coverage, as DTI was only 

recently accredited as separate pressure injury category [55]. The full search strategy 

is displayed in Table 2-1. 

Reference lists and forward-citation reports of eligible manuscripts were scanned for 

relevant articles that have not been identified in the automatic search. Additionally, an 

expert in the field of DTI was contacted for further literature suggestions. 
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Table 2-1: Search Strategy explained on the example of Ovid Excerpta Medica. 

Search # Search Terms Key Concepts 

1 Deep Tissue Injur* 

Deep Tissue Injury (DTI) 
2 Deep Tissue Damage 

3 Decubitus/ 

4 #1 OR #2 OR #3 

5 Transtibial 

Amputation level 
6 Trans-tibial 

7 Below knee 

8 #5 OR #6 OR #7 

9  Prosthe* 
Transtibial prosthetic users 

10 #8 AND #9 

11 #4 AND #10 DTI in transtibial prosthetic users 

 

2.3.2.  Study selection and inclusion criteria 

Primary and secondary sources were retrieved from the automatic search. Duplicate 

articles and duplicates published as conference proceedings were filtered out with the 

aid of a citation software (Zotero 5.0.69).  

For further assessment, one reviewer (M.S.) screened the remaining articles. These 

articles had to be written in English, have an available full text, and have a title and 

abstract relevant to DTI as a result of prosthetic use. Studies on unrelated conditions 

and with amputations other than at transtibial level were excluded. Similarly, papers 

describing superficial, Stage 1, or Stage 2 pressure injuries were disregarded. To 

ensure a minimum qualitative standard, all papers had to be peer reviewed. 

In the following full-text examination, one reviewer (M.S.) evaluated the relevance, 

study group characteristics, and type of pressure injury. Additionally, transtibial 

prosthetics and DTI had to be the focus of the article. In case of uncertainty about 

eligibility of articles, a second reviewer (A.B.) was consulted and possible 

disagreements discussed until consensus was reached. 

Further resources were identified by scanning through reference lists and forward-

citations of eligible papers. Their suitability was validated with the previously 

described process, before including them in the final qualitative synthesis. 

Recommendations on relevant literature were retrieved from expert contact. All but 
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one of the suggested sources were already included in the synthesis, with the 

additional paper being irrelevant for this review. 

Data were extracted from the combined search results according to suggestions by 

the JBI [73] and the PRISMA-ScR checklist [74] with slight adjustments. The variables 

of interest were author, year, country, type of study, aims and objectives, study 

population and sample size (if applicable), methodology, outcome measures, and key 

findings related to DTI in transtibial prosthetic users. The complete range of studies 

was then grouped thematically for further in-depth analysis, which is presented in 

tables and supporting narratives. 

2.4. Results of scoping review 

2.4.1.  Search results and grouping of included literature 

The automated database search on the 14th of June 2019 resulted in 19 identified 

sources from Ovid Excerpta Medica, 12 from PubMed, and 68 from Scopus. Removal 

of duplicates left 72 articles for the screening process. After applying inclusion and 

exclusion criteria, 24 articles remained for full-text assessment, of which 11 met the 

eligibility criteria. An additional five articles were identified through references and 

forward-citation of these sources, amounting to 16 studies in total (Figure 2-4).  

The 16 identified articles covered various study types. Eleven of them presented 

primary research, of which seven examined human subjects experimentally [29, 36, 

75ï79] and one tested ex vivo animal tissue (outside of the living body) [80]. Three 

papers were in silico studies (computer simulations) [31, 81, 82]. The other five 

sources were secondary articles in the form of literature [23, 58, 83, 84] or systematic 

reviews [38]. They were grouped by research focus into the following categories 

(Figure 2-5):  

(1) DTI aetiology in transtibial prosthetic users  

(2) Risk factors for transtibial prosthetic users 

(3) Methodological approaches to measure aetiological and risk factors in transtibial     

prosthetic users 
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Figure 2-4: PRISMA flow chart for literature search process and results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Records identified through database 
searching (n = 99): 

Excerpta Medica (19), PubMed (12), 
Scopus (68) 

 
 
 

S
c
re

e
n

in
g 

In
c
lu

d
e
d 

E
lig

ib
ili

ty
 

Id
e
n

tif
ic

a
tio

n
 (

1
) 

5 Additional records identified 
through eligible articles: 
- Citation (n = 3) 
- References (n = 2) 

Records after duplicates removed 
(n = 72) 

Records screened 
(n = 72) 

48 Records excluded due to: 
- Title/abstract (n = 33) 
- Language (n = 1) 
- Full-text unavailable (n = 2) 
- Conference duplicate (n = 1) 
- Study group characteristics (n = 7) 
- Type of pressure injury (n = 4)  

Full-text articles assessed 
for eligibility 

(n = 24) 

13 Full-text articles excluded due to: 
- Full-text irrelevant (n = 3) 
- Type of pressure injury (n = 2) 
- Study group characteristics (n = 1) 
- Insufficient focus on transtibial 
  prosthetics and/or DTI (n = 5) 
- Thesis duplicate (n = 2) 

Studies included in 
qualitative synthesis 

(n = 16) 

Id
e
n

tif
ic

a
tio

n
 (

2
) 

++  



- 18 - 
 

 

Figure 2-5: Number of publications grouped by topic. (a) Publications per main category. 
(b) Publications within category "Aetiology". (c) Publications within category "Risk Factors". 
The types of papers analysed include reviews (light blue), in silico studies (medium blue), and 
experimental studies (dark blue). Some papers matched multiple groups, thus the total number 
of publications in this figure exceeds the number of studies analysed. 

2.4.2.  Aetiology of Deep Tissue Injuries 

Of the 16 articles, n = 7 (44%) discussed the aetiology of DTI with a focus on residuum 

biomechanics. Between 2007 and 2011, Portnoy and colleagues conducted four 

experimental studies [29, 36, 77, 79] on 26 unilateral transtibial amputees (TTA). The 

participants were typically 44 years old, male (85%), weighted 71.72kg, and 

presented with trauma as cause of amputation (59%) (Table 2-2). The researchers 

aimed to quantify the internal loading states of deep muscle layers during scenarios 

encountered by prosthetic users in their daily life: Dynamic walking on various 

surfaces [36, 77], static weight bearing during standing [29], and prolonged sitting 

[79]. 

Across all scenarios, the researchers located peak loads in the tissue encapsulating 

the distal end of the bones through finite element analysis [29, 36, 77, 79]. During 

 

Prosthesis-induced Non-prosthesis induced 
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normal gait, the peak compression and shear stresses were reached between 

midstance and toe off [36], and the von Mises stress magnitudes were terrain-

dependent [77]. When sitting with a donned prosthesis, the load increased 

simultaneously to the degree of knee flexion [79]. However, high inter-patient 

variability made it difficult to interpret absolute values [36]. Portnoy et al. therefore 

compared individual stress and strain values to loading-thresholds for deformation-

induced cell death to assess the risk for DTI development [27, 33, 34]. They identified 

hazardous loading conditions during weight bearing [29], walking over complex terrain 

[77], and sitting with the knee in 90 degree flexion [34]. Overall, DTI appeared to be a 

threat for several transtibial prosthetic users in everyday situations. 

Cellular deformation is only one of several aetiological factors of DTI. Mak et al. [23, 

58] and Bader et al. [83] suspected a link between prosthetic use and disruptions of 

the lymphatic and microvascular system (Table 2-3). When externally applied 

pressure and shear deform the deep tissues of a residuum [36, 76, 77, 79], the 

embedded lymphatic and vascular structures will be distorted as well. However, the 

extent of this deformation and its effect have not been investigated on TTA.  

2.4.3.  Risk factors for Deep Tissue Injury 

A total of n = 11 (68.75%) papers examined risk factors of DTI in transtibial prosthetic 

users. Three experimental and two in silico studies investigated a population of n = 

33, typically male (90.90 %) TTA with traumatic amputation (84.84%), a mean age of 

49 years, and an average weight of 81.1kg. These studies, with an additional in silico 

study and five review papers, were divided into two groups: non-prosthesis related (n 

= 7, 63.63%) and prosthesis-related (n = 6, 54.54%) risk factors.
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Table 2-2: Experimental studies on the deformation as aetiological factor for Deep Tissue Injury in transtibial prosthetic users 

Author 
and year 

Objective Loading 
scenario 

Study Population Quantitative Results Qualitative results 

Portnoy et 
al. 2007 [36] 

Test of feasibility of 
real-time FE1 
monitor to estimate 
internal tissue load 

Dynamic load: 
Treadmill walking 

- 5 unilateral TTA2 
- 1 female,  

4 male 
- Mean age 47.2 yrs 

- Mean weight 68kg 

Max. principal compression  
stress: 
- Fibular axis:  

16.38 kPa (3.5 - 31kPa) 

- Gastrocnemius axis:  
8.19 kPa (1.75 - 13kPa) 

- Maximum compressive stress between 
midstance and push-off 

- High inter-patient variability in stress 
magnitude 

Portnoy et 
al. 2008 [29] 

Estimation of 
internal tissue load 
during static load 
bearing  

Static load: 
Weight bearing 

- 1 unilateral TTA 

- Female 
- Age 29 
- Weight 50kg 

- Traumatic cause 

- Compressive stress 240kPa 

- Tensile stress 263 kPa 
- Shear stress 23kPa 
- Compressive strain 85% 

- Tensile strain 129% 
- Shear strain 106% 
- SED3 104 kJ/m3 

- Von Mises stress 215kPa 

- Compression slightly above 
physiological levels in comparison to 
gluteal tolerance 

- High tensile and shear strains which 
may be risk for tissue viability 

- Stress and strain concentrations in flap 
under tibial end 

Portnoy et 
al. 2010 [77] 

Determination of 
subject-specific 
dynamic stresses in 
soft tissues  

Dynamic load:  
Walking on 
complex 
terrain 

- 18 unilateral TTA 
- 1 female, 17 male 

- Mean age 43 yrs 
- Mean weight 79kg 
- 11 traumatic, 7 

vascular 

Average peak von Mises stress: 
- Plane: 100kPa 

- Grass: 80kPa 
- Upstairs: 95.1kPa 
- Up slope: 83kPa 
- Downstairs: 115.4kPa 

- Down slope: 141.9kPa 

- High inter-terrain and inter-subject 
variability 

- Higher stresses in vascular compared 
to traumatic patients 

- No immediate risk of DTI4 for 10 out of 
18 subjects 

- Elevated peak stress when descending 
stairs or slope compared to plane gait 

Portnoy et 
al. 2011 [79] 

Evaluation of risk of 
DTI development for 
during sitting with a 
donned prosthesis  

Static loading: 
Sitting with  
30° and 90° knee 
flexion 

- 1 unilateral TTA 
- Male 
- Age 55  
- Weight 73kg 

Traumatic cause 

At tibial end (90° flexion): 
- Principal stress: 

Compression 102.9kPa 
Tension 66.6kPa 

- Shear stress 67.2kPa 
- Von Mises stress 129kPa 
Volume of damaged area (after 75min): 
- 30°: 13.5mm3 

- 90°: 600mm3 

- Residuum at risk of DTI during sitting 
with 90° flexion 

- Risk of DTI posture dependent 
- Injury rate higher with increased knee 

flexion 
- Damage volume may be dependent on 

muscle thickness 

1 Finite element; 2 Transtibial amputee; 3 Strain Energy Density; 4 Deep Tissue Injury 
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Table 2-3: Literature reviews on the aetiology of Deep Tissue Injury in transtibial prosthetic users. 

Autor and 
year 

Objective Aetiological factor Qualitative results 

Mak et al. 
2001 [23] 

Overview over current 
knowledge about biomechanics 
in TTA1 

Deformation, impaired  
lymphatic system, 
ischemia 

- Skeletal movement and friction lead to soft tissue deformation during gait 

- Stress and deformation affect cellular and tissue function mechanically and 
via impairment of ancillary systems 

- Magnitude, direction, distribution, duration, loading rate are crucial 

- Possible accumulative effect of repetitive stress 

Mak et al. 
2010 [58] 

Overview over tissue response 
to loading 

Deformation, impaired lymphatic 
system, ischemia, ischemia-
reperfusion 

- Immediate muscle damage by direct mechanical insult or over longer period 
by ischemia 

- Reperfusion exacerbates damage by oxidative stress and inflammation 

- Damage may accumulate if insufficient recovery time 

Bader et 
al. 2019 
[83] 

Analysis of bioengineering tools 
for device related soft tissue 
damage 

Deformation, lymphatic drainage, 
ischemia, ischemia reperfusion 
injury 

- Direct deformation, impaired lymphatic drainage, disrupted microvasculature 
and ischemia reperfusion as aetiological factors 

- High inter-patient variability 

1 Transtibial amputee 
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2.4.3.1. Non-prosthesis related risk factors 

Non-prosthesis related risk factors originate from intrinsic characteristics of the 

transtibial residuum. According to the literature body, those factors are tissue 

morphology, the mechanical properties of the soft tissue, and sensory impairments 

(Table 2-4). 

Tissue morphology was studied most frequently. Henrot et al. [84] and Portnoy et al. 

[31, 76, 81] focussed on surgery-related and pathological changes in tissue 

morphology. They identified the following risk factors: Thin muscle flaps [31, 81], 

minimal adipose tissue padding [76], sharp bone edges [31, 76, 84], and osteophytes 

(bone spurs) [31, 84]. Results on the influence of the bone radius were ambiguous. A 

numerical in silico study indicated that the soft tissue load is reduced with wider bone 

radii [31], whilst an analytical study found no relationship between the two [81].  

The effect of sensory impairment was discussed in three papers. According to reviews 

[23, 83] the loss of sensation, as it is commonly seen during diabetes, causes a 

dysfunction of the natural protective pain mechanism to redistribute excessive loads. 

Kosasih et al. [75] suspected that sensory changes could also result from the 

amputation process. However, contrary to their expectations, deep pressure 

sensation of their test subjects seemed to be intact.  

The mechanical properties of soft tissue were examined in two in silico studies. Both 

point to a higher susceptibility of stiff muscle to loading damage compared with a 

flaccid one [31, 81]. This stiffening might be the result of muscle contraction during 

normal gait [31, 81] or pathological changes like spasticity [31]. Portnoy et al. [31] also 

suggest that surgical scars change the stress distribution across the residuum. The 

higher elasticity of fibrous scar tissue may put the surrounding muscle at risk of DTI 

development.
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Table 2-4: Studies on non-prosthesis related risk factors for Deep Tissue Injury 

Author 
and year 

Type of 
study 

Objective Risk factors Study population Qualitative results 

Henrot et 
al. 2000 
[84] 

Literature 
review 

Overview over surgical features of 
amputation in relation to 
postoperative stump pain 

Tissue 
Morphology 

NA - Postoperative complications: Heterotopic ossification, 
aggressive bone edges, pistoning, ulceration 

-  Extrinsic pain: caused by improper fit or alignment 
- Intrinsic pain: nervous or anatomical cause 

Portnoy et 
al. 2007 
[81] 

In silico 
study 

Determination of internal stress in 
muscle flap of TTA1; influence of 
bone sharpness, tissue thickness, 
mechanical properties 

Tissue 
Morphology, 
Mechanical 
Properties 

- Use of data from 
Portnoy et al. 2007 
[36] 

- Increase in pressure with reduced flap thickness 
- Increase in pressure with increased muscle stiffness 
- No clear relationship between bone radius and 

pressure 

Portnoy et 
al. 2009 
[76] 

Experimental 
study 

Determination of inter-subject 
variability in internal tissue loads in 
TTA with different geometrical 
features during static loading 

Tissue 
Morphology  

- 5 unilateral TTA 
- Traumatic cause 
- 1 female, 4 male 

- Mean age 48.6 yrs 
- Mean weight 67.8kg 

- High inter-subject variability 
- Risk of DTI2 for patients with little fat padding  
- More even pressure distribution with flat compared to 

sharp tibial ends 
- Lower strains with longer residua 

Portnoy et 
al. 2009 
[31] 

In silico 
study 

Identify influence of risk factors on 
internal loading conditions in TTA 

Tissue 
Morphology, 
Mechanical 
Properties 

- 1 unilateral TTA 
- Traumatic cause 

- Male 
- Age 44 yrs 
- Weight 82kg 

- Thicker muscle flap and increased bone radius 
reduce DTI risk 

- Osteophyte, sharp bevelment and muscle stiffening 
increase risk 

- Surgical scars change overall stress distribution 

Kosasih et 
al. 1998 
[75] 

Experimental 
study 

Identify sensory changes in well 
healed TTA 

Sensory 
impairment 

- 9 unilateral TTA 
- Traumatic cause 
- All male 
- Mean age 55.4 yrs 

- Weight not specified 

- No deep pressure sensory impairment in well healed 
TTA stumps 

Mak et al. 
2001 [23] 

Literature 
review 

Overview over current knowledge 
on biomechanics in TTA 

Sensory 
impairment 

NA - Neuropathy leading to usually preventable soft tissue 
damage 

Bader et al. 
2019 [83] 

Literature 
review 

Analysis of bioengineering tools for 
device related soft tissue damage 

Sensory 
impairment 

NA - Risk factors: neuromuscular impairments, diabetes 

1 Transtibial amputee, 2 Deep Tissue Injury 
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2.4.3.2. Prosthesis related risk factors 

The prosthesis itself also influences the development of DTI in amputees. Relevant 

factors are socket design and prosthetic componentry (Table 2-5). The most 

discussed prosthetic element was the socket (n = 4). It distributes pressure and shear 

forces across the limb during weight-bearing [23, 58, 83]. Based on two fundamentally 

different socket design philosophies, loads may either be concentrated on proclaimed 

tolerant areas (Patellar Tendon Bearing, PTB), or spread across the entire residuum 

as evenly as possible (Total Surface Bearing, TSB) [23, 58]. Whilst differences in 

interface loads between both design approaches have been discussed in the literature 

[23, 38], the internal loading conditions have yet to be quantified [23, 38, 83]. 

Two clinical studies looked at components other than the prosthetic socket [78, 82]. 

A total of 18 traumatic, mainly male (94%) and unilateral (94%) amputees with an 

average age of 49.8 years and weight of 85kg participated. Researchers thereby 

studied the influence of prosthetic foot design [78] as well as gel liners and socks [82] 

on the internal loading states. Hydraulic and split-toed feet seemed to improve loading 

conditions in comparison to energy storage and return (ESR) and single-toe feet. 

Furthermore, using gel liners, especially stiff and thin ones, provided a positive 

cushioning effect. In contrast, the common practice of adding socks over the liner to 

counteract volume fluctuations of the stump increased interface shear, which may 

adversely affect deeper tissues.
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Table 2-5: Studies on prosthesis-related risk factors for Deep Tissue Injury 

Author 
and year 

Type of 
study 

Objective Risk 
factor 

Study Population Qualitative results 

Mak et al. 
2001 [23] 

Literature 
review 

Overview over current 
knowledge about 
biomechanics in TTA1  

Socket 
design 

NA - Influence of socket shape on pressure distribution 
- Need to quantify residuum-socket interactions 
- Need to address controversies in socket design 

Mak et al. 
2010 [58] 

Literature 
review 

Overview over experimental 
and computational studies on 
tissue deformation and 
pressure ulcers 

Socket 
design 

NA - Influence of socket interface on transmission of pressure 
and shear to residual limb  

- Pressure profile affected by variations in socket and fitting 
techniques 

- Even load distribution as way to reduce DTI2 risk 

Dickinson 
et al. 2017 
[38] 

Systematic 
review 

Critical appraisal of state-of-
the-art in FE3 analysis in TTA 

Socket 
design 

NA - Influence of socket design and material properties on 
loading conditions 

- Clinical translation of FE models necessary 

Bader et al. 
2019 [83] 

Literature 
review 

Review of Medical Device 
Related Pressure Ulcers 
(MDRPUs) and technologies 
for their detection 

Socket 
design 

NA - Deviations between stiffness of device material and 
skin/subdermal tissue as major issue 

- Inadequate guidance for use of devices 

- Individualisation as key concept 

Portnoy et 
al. 2012 
[78] 

Experimental 
Study 

Assessment of differences 
between hydraulic and ESR4 
feet on internal loading 
conditions when walking over 
complex terrain 

Prosthetic 
feet 

- 9 unilateral TTA 

- Traumatic cause 
- All male 
- Mean age 42.7 yrs 

- Mean weight 78.2kg 

- Significant decrease in internal stress and loading rates with 
hydraulic vs ESR feet when walking on paved floor or 
ascending stairs 

- Tendency towards internal stress reduction when using split-
toed ESR compared to single-toe version 

Lenz 2017 
[82] 

In Silico Study  
(PhD thesis) 

Investigation of pressure ulcer 
formation due to deformation, 
based on gel liner 
displacement 

Prosthetic 
liner 

NA - Increased interface shear with addition of socks over liner 

- Cushioning effect of gel liner 
- Increase in shear stress at bone-muscle interface with no-

slip condition 

- Increase in shear and von Mises but decrease in 
compression at bone-muscle interface with decreasing liner 
thickness 

- Decreased muscle compressive stress with increased liner 
stiffness 

1 Transtibial amputee; 2 Deep Tissue Injury, 3 Finite Element, 4 Energy storage and return 
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2.4.4.  Methods in Deep Tissue Injury research 

All experimental and in silico studies (n = 11) were included in a review of methods in 

DTI research on transtibial prosthetic users. The studies were grouped by finite 

element analysis (FEA), analytical modelling, acoustic signalling, and sensory 

analysis. 

2.4.4.1. Finite element analysis 

FEA is based on computational models of the residuum with defined geometries, 

material properties, and boundary conditions. Through numerical analysis, visual 

stress and strain maps are created. With n = 6 (54.54%) papers, FEA is the most 

common method in primary research (Table 2-6). The studies were divided into three 

groups: individualised biomechanical models for aetiological research [29, 76, 79], in 

silico studies for parametric analysis of risk factors [31, 82], and real-time FEA for 

clinical applications [36].  

Researchers collected subject-specific morphological and loading data from Magnetic 

Resonance Images (MRI) and interface pressure sensors. They also integrated some 

mechanical properties of soft tissue into the analyses, for example viscoelasticity [29] 

or hyperelasticity [76, 79]. Others, like heterogeneity and anisotropy were 

disregarded. The predicted stress and strain levels were then compared to threshold 

values for deformation-induced cell death to determine the subject-specific DTI risk 

[76, 79]. One study also considered damage progression through iterative post-

processing [79], to incorporate muscle stiffening after the initial damage [85]. 

For risk factor research, in silico modelling was the tool of choice. By changing single 

input parameters of a Finite element (FE) model, their effect on internal loading 

conditions can be tested. Portnoy et al. [31] for example altered bone geometry, 

mechanical properties of the muscle, and tissue homogeneity to assess internal 

loading states. Lenz [82] simulated the use of different liners and liner-socket interface 

conditions on a cuboid FE model of soft tissues. 
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Table 2-6: Studies on Deep Tissue Injury in transtibial prosthetic users using Finite element analysis 

Author 
and year 

Type of study Methodology Input data Assumptions Outcome measures 

Portnoy et 
al. 2008 
[29] 

Experimental 
study 
(aetiological) 

- 3D FE1 model 
- Donning and static load 

bearing of one TTA2 
- Analysis of internal loading 

state 

- Interface pressure  
(pressure sensor) 

- Tissue morphology and vertical 
displacement (MRI3) 

- Shear modulus, friction between 
skin and socket (literature) 

- Muscle: isotropic, 
homogenous, viscoelastic 

- Skin: isotropic, homogeneous, 
hyperelastic 

- No differentiation btw. muscle 
and fat 

- No friction between soft tissue 
layers 

- SED4, principal compressive 
and tensile stress and strain, 
max. shear stress and strain, 
von Mises stress 

Portnoy et 
al. 2009 
[76] 

Experimental 
study 
(aetiological) 

- 3D FE model [29] 
- Static load bearing of five 

TTA 
- Analysis of internal loading 

state and interpatient 
variability  

- Evaluation of DTI5 risk 

- See Portnoy et al. 2008 [29] - Soft tissue: isotropic, 
homogeneous, hyperelastic 

- Differentiation btw. muscle 
and fat 

- Addition of 2mm skin layer 

- No friction between soft tissue 
layers 

- Volume of muscle skin with 
compressive, tensile, shear 
strains above threshold value 
[33] 

Portnoy et 
al. 2011 
[79] 

Experimental 
Study 
(aetiological) 

- 3D FE model [29] 

- Sitting with 30° and 90° knee 
flexion in one TTA 

- Assessment of internal 
loading state and estimation 
of damage area over time  

- See Portnoy et al. 2008 [29] - Soft tissue: isotropic, 
homogeneous, hyperelastic 

- Differentiation btw. muscle 
and fat tissue 

- Addition of 1mm skin layer 
- No friction between soft tissue 

layers 

- Principal tensile and 
compressive stress, max. 
shear stress, von Mises 
stress 

- Time-dependent volume of 
damaged muscle [33] 

- Rate of damage progression 
[85] 

Portnoy et 
al. 2009 
[31] 

In silico study 
(risk factors) 

- 3D FE model [29] of one TTA 
- Changes in morphological 

and mechanical parameters 

- See Portnoy et al. 2008 [29] - See Portnoy et al. 2009 [76] - SED, principal compressive 
and tensile stress and strain, 
max. shear stress and strain, 
von Mises stress,  

- Volumes of areas with 
concentrated elevated stress 

 

 



- 28 - 
 

Table 2-6 (continued) 

Lenz 2017 
[82] 

In silico study  
(PhD thesis, 
risk factors) 

- Analysis of internal loading 
state with simplified cuboid 
FE model 

- Simulation of different liners 
and socks 

- Differentiation between slip 
and no-slip condition 

- Liner displacement and 
mechanical properties (motion 
capturing)  

- Normal and shear interface 
forces (two-axis load cell) 

- Shear modulus, friction between 
skin and liner, soft tissue and 
liner thickness (literature) 

- Muscle: isotropic, 
homogeneous, hyperelastic 

- Differentiation btw muscle, 
skin, gel liner 

- No friction between soft tissue 
layers 

- Friction between skin and gel 
liner (slip vs. no-slip) 

- Principal compressive stress, 
max. shear stress, von Mises 
stress 

Portnoy et 
al. 2007 
[36] 

Experimental 
Study (clinical) 

- 2D FE model for real time 
stress analysis 

- Application on 5 TTA1 during 
treadmill walking 

- Interface pressure (pressure 
sensor) 

- Elastic modulus (Indentation test) 

- Tissue morphology (X-Ray) 

- Soft tissue: isotropic, 
homogenous, linear elastic 

- No differentiation btw. muscle, 
fat, and skin 

- Principal compressive stress 
and strain, shear stress, von 
Mises stress 

1 Finite Element; 2 Transtibial amputee; 3 Magnetic Resonance Imaging; 4 Strain Energy Density; 5 Deep Tissue Injury 
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To translate these complex models into clinical use, real-time availability of 

information is desirable. Thus, Portnoy et al. [36] proposed an X-Ray based 2D FE 

model of the residual limb, with interface pressure measurements and patient-specific 

elastic moduli feeding into it. Rendering bones as rectangles and assuming linear 

elasticity, isotropy, and homogeneity was accepted as trade-off between accuracy 

and computing time. 

Overall, FEA is a common tool in biomechanical research of DTI development. It 

provides full field information on the internal loading state of soft tissue and allows to 

assess load distributions and the influence of single risk factors. The model 

complexity, input, and output data vary widely across the different studies. 

2.4.4.2. Analytical methods 

For clinical applications, two-dimensional analytical solutions, as used in three 

primary studies [36, 77, 78], are an alternative to FEA (Table 2-7). The models 

evaluated the internal loading state of the residuum mathematically, based on 

simplified tissue geometries and mechanical behaviour. The first approach developed 

by Portnoy et al. [81] calculated the contact pressure between bone and soft tissue 

based on Hertz contact theory. Despite being validated in silico, this model was, to 

the authorsô knowledge, never translated to experimental research.  

Instead, Portnoy et al. used a similar model [86] for their experimental studies [77, 

78]. The bone was assumed as an axisymmetric, flat indenter, compressing a linear 

elastic soft tissue layer. Further input was based on individual interface pressure 

measurements and X-Rays in combination with literature-based values for tissue 

material properties and boundary conditions. This allowed for a real-time estimation 

of internal loading states and prediction of risk scenarios. 

2.4.4.3. Acoustic signalling 

Following the idea of direct deformation as major aetiological factor, Buis et al. [80] 

attempted to find ways other than imaging to measure tissue distortion (Table 2-8). In 

an ex vivo experimental study, they subjected porcine and galline tissue immersed in 

a saline bath to tensile stress whilst recording acoustic emissions with a hydrophone. 

However, they were unable to detect sufficient acoustic signals to support the theory 

that deformation creates detectable acoustic signals. 
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Table 2-7: Studies on Deep Tissue Injury in transtibial prosthetic users using analytical modelling 

Author 
and year 

Type of 
study 

Methodology Input data Assumptions Outcome 
measures 

Portnoy 
et al. 
2007 [81] 

In Silico 
Study 

- Application of Hertz contact theory for 
calculation of contact pressure between 
bone and soft tissue 

- Evaluation of sensitivity of pressure 
calculations to tibial radius, muscle 
thickness and mechanical properties 

- Tissue morphology 
(X-Ray [36]) 

- Poisson's ratio 
(literature) 

- Soft tissue: isotropic, 
homogeneous, linear elastic 

- No friction between bone and soft 
tissue 

- Tibia simplified as flat-ended 
cylinder 

- Only vertical bone displacement 

Contact 
pressure 
between tibia 
and soft tissue 

Portnoy 
et al. 
2010 [77] 

Experimental 
Study 

- Development of portable monitor based on 
an axi-symmetric indentation problem 

- Use of monitor on 18 TTA1 to record 
internal loads during walking on complex 
terrain 

- Comparison of internal loads between 
patient groups and surfaces 

- Interface pressure 
(pressure sensor) 

- Tissue morphology 
(X-Rays) 

- Shear modulus, 
friction between 
skin and socket 
(literature) 

- Soft tissue: isotropic, 
homogeneous, linear elastic 

- No differentiation between muscle, 
fat, and skin 

- Tibia simplified as flat-ended 
cylinder 

Average von 
Mises stress, 
loading rate, 
stress-time 
integral 

Portnoy 
et al. 
2012 [78] 

Experimental 
Study 

- Use of portable pressure monitor [77] on 10 
TTA 

- Assessment of internal stress during 
walking on complex terrain 

- Comparison of outcomes for ESR2 foot and 
hydraulic foot 

- See Portnoy et al. 
2010 [77] 

- See Portnoy et al. 2010 [77] Average von 
Mises stress, 
RMS3 of von 
Mises, loading 
rate, cadence 

1 Transtibial amputee; 2 Energy Storage and Return; 3 Root mean square 
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Table 2-8: Studies on DTI in transtibial prosthetic users using acoustic emission and sensory tests 

Author 
and year 

Type of 
study 

Parameter 
of interest 

Methodology Input Outcome measures 

Buis et 
al. 2018 
[80] 

Ex vivo 
animal study 

Acoustic 
signalling 

- Tensile test setup 
- Immersion of bovine and galline 

specimen in saline solution 
- Recording of acoustic signals during 

tensile test of specimen with hydrophone 

Tensile load and 
displacement (Instron) 

Acoustic emission: amplitude and 
frequency 
(No correlation found btw. acoustic 
emission and deformation) 

Kosasih 
et al. 
1998 
[75] 

Experimental 
Study 

Sensory 
analysis 

- Qualitative sensory assessment of the 
residuum in 16 TTA1  

- Test sides: pressure tolerant and 
pressure sensitive areas of residuum 

- Contralateral limb as control 

Physical administration 
of cotton swab wisp, firm 
pressure, tuning fork 
vibration, safety pin prick 
by physician 

Qualitative feedback about sensory 
response either at detection of 
stimulus or with description (i.e. sharp 
or dull pain) 

1 Transtibial amputee 
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2.4.4.4. Sensory analysis 

The only primary study that was not biomechanics related was an experimental study 

on sensory changes in transtibial prosthetic users [75] (Table 2-8). A physician 

applied light touch, deep pressure, vibration, and pinpricks to the residuum and the 

sound limb of participants. The resulting sensory perception for each stimulus was 

evaluated with qualitative feedback. All participants had an intact deep pressure 

sensation, whilst vibration and pinprick sensation were less detectable with increased 

age of the participants. Light touch was only minimally impaired. 

2.5. Discussion on Deep Tissue Injury in transtibial prosthetic 

users 

In this scoping review, research and literature on DTI as a result of transtibial 

prosthetic use were identified. Generally speaking, the evidence base was sparse 

with only eleven primary research studies identified. Overall, three key areas were 

addressed: First, the aetiology of DTI in prosthetic users is only partially understood. 

Whilst direct deformation seems to be an important factor, the contribution of 

ischemia, ischemia reperfusion, and an impaired lymphatic drainage has yet to be 

evaluated. Second, several risk factors were identified. Intrinsic determinants of DTI 

are tissue morphology and its mechanical properties, as well as sensory impairment 

of the residuum. Extrinsic determinants are socket design and prosthetic components. 

Finally, methodological approaches in both aetiological and risk factor research 

focussed mainly on biomechanics. The most common research design combined 

static or dynamic loading with medical imaging and computational analysis. However, 

the diversity of input data, modelling assumptions, and outcome measures, together 

with the variability in geometric patient characteristics and prosthetic componentry 

make a quantitative comparison of results and their clinical translation difficult.  

2.5.1.  Damage pathways of soft tissue injury 

Within the last two decades, major research efforts led to advances in our 

understanding of DTI. The pathways of tissue damage from external loading were 

investigated on different organisational levels, from cell cultures over engineered 

muscle constructs to in vivo animal studies (in the living animal) [56, 87]. Results 

suggest that the relationship between the degree of deformation and time is essential: 

Whilst high strain can cause immediate direct deformation damage, moderate strain 
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may injure the tissue by occluding the vascular and lymphatic system over an 

extended period. 

2.5.1.1. Loading biomechanics and direct deformation 

The biomechanical profile at the stump-socket interface of lower-limb amputees 

differs significantly from the frequently studied immobile individuals [27, 28, 30, 66, 

88ï91]. Prolonged loading only occurs in situations of static weight bearing like 

standing or sitting with a donned prosthesis. In contrast, with over 8000 steps taken 

daily by TTA [92], the residuum often experiences dynamic, cyclic loading. During 

gait, complex internal stresses and strains develop: weight bearing causes pressure 

at the socket-limb interface [93]; the vertical pistoning movement between the 

residuum and the socket invokes shear forces [94]; and gait action and bone 

movement lead to added forces and moments [95, 96]. The combined forces and 

moments result in internal compressive, tensile, and shear stress [97]. However, it is 

difficult to quantify the individual contribution of each stress component to DTI 

development. 

So far, DTI research focussed mainly on compressive loading. Researchers have 

defined threshold levels for direct deformation damage, based on the relationship 

between pressure or compressive strain and time [33, 34]. They compared these 

thresholds to computed values of internal compressive stress and strain in prosthetic 

patients to predict the likelihood of DTI development [76, 77, 79]. However, the results 

must be interpreted with caution.  

First, the threshold levels were derived from experiments on animal tissue and 

bioartificial muscle constructs, and were not intended to be translated directly to 

human studies [33, 34]. Second, the experimental design of threshold studies was 

oriented towards measuring direct deformation damage, whilst the microvascular and 

lymphatic system were mostly neglected. And last, applying a static, compressive 

load differs from residuum biomechanics. Researchers found that a cyclic force 

application may lower static threshold levels [23, 91, 98, 99], implying that the 

predicted risk of DTI in TTA has been underestimated. Adding a shear component 

might also increase tissue damage by reducing the capillary closure pressure, which 

in turn increases the risk for ischemia [100, 101].  

To minimise these limitations, new research approaches are needed. The effects of 

shear and distortion on tissues and cells should be examined with mechanical, 



- 34 - 
 

microvascular, and lymphatic damage in mind. Additionally, researchers repeatedly 

stressed the need for a dynamic threshold level that combines compression, tension, 

and shear [36, 76, 79]. 

2.5.1.2. Microvasculature and the lymphatic system 

This review revealed a gap in the aetiological research. While the connection between 

deformation damage and prosthetic use has been established experimentally, the role 

of microvasculature and the lymphatic system was only discussed in general review 

papers.  

Regarding the vascular system, the effects of a cyclic loading protocol with ischemic 

and reperfusion phases altering at high frequencies are unknown. The literature on 

similar loading scenarios is ambiguous: Some experimental results indicate an 

accumulation of cellular and tissue damage in comparison to continuous loading. 

However, the studies were either based on animal skin [98, 99, 102] or used 

prolonged time intervals [90, 91] far below frequencies of about 1 Hz commonly seen 

during prosthetic gait [77, 103]. Other studies report on the adaptive abilities of soft 

tissue [20, 104ï106], which indicates an increased tissue tolerance towards ischemic 

and reperfusion damage [107]. Further research into this area is therefore necessary. 

The structure and function of the lymphatic system and its response to loading are 

barely understood. In general, compression in combination with shear stress may 

affect lymph formation and propulsion [108]. The resulting dysfunction of lymphatic 

drainage can lead to an accumulation of toxic waste products, which damages cells 

and tissues [109, 110]. A small number of studies over the last decade supports this 

theory. Researchers confirmed less lymphatic clearance during compressive loading 

[111], as well as toxic effects of accumulated bio-wastes like cytokines and reactive 

oxygen species (ROS) on cell viability [112]. Reperfusion adds further stress on the 

lymphatic system [113]. These factors might be aggravated in TTA. The initial 

amputation surgery causes traumatic injury to the lymphatic system [84, 114], 

followed by a reduced muscle tone post-amputation, which might weaken the 

propulsive abilities of lymphatic vessels and results in oedema [115]. 

For a comprehensive understanding of the role of the vascular and lymphatic system 

in DTI development, high-frequency cyclic loading protocols should be performed on 

perfused tissue. Besides histological analysis of muscle damage in animal models, 

arterial spin labelling or dynamic contrast MRI could relate the damage to muscle 
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perfusion and oxygenation [116]. For clinically oriented studies, the oxidative function 

of the residual limb could be assessed with near-infrared (NIR) spectroscopy [117, 

118]. The lymphatic system could be explored in a similar fashion by visualising lymph 

flow with NIR fluorescent imaging [111]. With information from direct deformation 

studies, the results of microvascular and lymphatic experiments can feed into the 

prevention, diagnosis, and treatment of DTI. 

2.5.2.  Risk factors in the transtibial prosthesis user population 

Identifying population-specific characteristics that may have a negative influence on 

the soft tissue in amputees is as important as estimating internal loading states. 

Various risk factors link transtibial prosthetic use to DTI development, as detailed in 

the following paragraphs. 

2.5.2.1. Influence of tissue characteristics 

This review revealed a range of tissue-related determinants of DTI risk. First, 

amputation surgery changes the tissue morphology and geometry in the residual limb. 

Revisiting established surgical procedures and considering alternatives might reduce 

some of these risk factors, for example by using of bone bridges [119] instead of 

bevelled bone edges, or different flap techniques that change the location of surgical 

scars [120, 121].  

On the other hand, naturally occurring risk factors are difficult to eliminate. The 

residuum commonly undergoes changes of intramuscular fat infiltration and muscular 

atrophy post-amputation [20, 122], which were both shown to enhance internal tissue 

deformation in SCI patients [64]. Additionally, amputees often experience 

complications after surgery like osteophytes or angular deformities [123, 124], which 

also have adverse effects on tissue loading [31, 84]. Overall, a multitude of 

amputation-related tissue characteristics aggravate the challenging loading 

conditions for the residual limb. 

2.5.2.2. The role of co-morbidities 

The main cause of transtibial amputation in the Global North is dysvascularity. In the 

UK and the US, most patients suffer from diabetes and other peripheral vascular 

diseases [40, 41, 125]. This impacts the perfusion of their residua, promotes ischemic 

damage, and exacerbates inflammation. Neuropathy is another common complication 
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in diabetic patients. Researchers stressed that as the bodyôs protective pain 

mechanism is suspended, individuals may not distribute potentially damaging loads 

anymore [23, 83].  

To confirm this link between co-morbidities and DTI development in TTA, 

epidemiological studies would be valuable. These studies also offer a chance to 

uncover possible correlations of other factors, such as time since amputation or age. 

They could also provide insight into the prevalence of DTI in TTA in general. The 

epidemiology of DTI in the Global South could also be investigated, as their 

amputation population profiles, surgical procedures, and prosthetic componentry 

differ significantly from the Global North [125ï127]. 

2.5.2.3. Prosthesis-related risk factors 

Prosthetic sockets are in direct contact with the residuum. Hence, they are the 

component most often associated with DTI development. Researchers highlighted the 

influence of the socket shape on internal pressure distribution and soft tissue 

deformation [23, 38, 58]. However, studies that quantify differences in internal loading 

conditions between the two main socket designs PTB and TSB are missing. To close 

the gap, mechanical and biological studies could be conducted. This information 

would help to define ñgoodò prosthetic fit and improve clinical practice. 

Other prosthetic componentry like prosthetic feet and liners also influence the internal 

loading conditions [78, 82]. Before this information can be utilised reliably in clinical 

practice, more studies with large sample sizes and low variability are needed. This 

applies not only to studies on prosthesis-related risk factors, but to all experimental 

DTI studies on human subjects. Thus, consistency in patient groups, socket types, 

alignment, and componentry are crucial.  

2.5.3.  Methodological approaches in Deep Tissue Injury 

research 

Tissue loading is a major factor in the development of DTI. Traditionally, the interface 

pressure between the socket and the residuum was quantified with sensor 

technologies [23, 128]. With the discovery of deep tissue layers as the potential origin 

of pressure ulcers [54, 60], the focus shifted towards assessing internal mechanics. 
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New methods were needed as interface pressure does not reflect the internal loading 

states [129, 130].  

2.5.3.1. Computational and analytical modelling 

According to this review, modelling was the measure of choice. Medical images, 

interface pressure measurements, and data on mechanical properties of soft tissue 

informed numerical and analytical models. Researchers then used the estimated 

stress and strain values of those models to find general loading patterns and patient-

specific DTI risks during various scenarios. 

However, interpreting estimated stress and strain values beyond basic trends is 

difficult. This comes down to the complexity of soft tissue mechanics. Skeletal muscle 

exhibits time-dependent behaviour under load, including hysteresis, stress relaxation, 

and creep [131, 132]. Because of its cellular arrangement in parallel fibrous structures, 

the direction of load application alters the mechanical properties, known as anisotropy 

[131]. Additionally, the residuum consists not only of skeletal muscle, but also adipose 

tissue, connective tissue, and skin, which all have different, patient-specific 

mechanical properties. Each layer might also be affected by inhomogeneities, like 

scar tissue or fat infiltration. Taken together, the intricate nature of soft tissues 

exceeds the modelling capabilities of existing computational approaches [38]. The 

research on biomechanics of the residual limb is no exception and usually draws on 

simplified concepts with assumptions of linear elasticity, isotropy, or homogeneity. 

Even though clinical translatability is a core issue in DTI research, the accuracy of the 

proposed patient-specific modelling approaches based on these simplifications is 

questionable. 

Nevertheless, methodological developments may increase the accuracy of future 

research efforts (Table 2-9). Another advancement is the integration of model post-

processing. Muscle stiffening is a phenomenon observed after the onset of DTI, which 

redistributes subsequent loads towards adjacent sites and promotes damage 

progression in a positive feedback loop [85, 133]. Integrating this damage law into FE 

models for prolonged loading increases the accuracy of DTI prediction [79, 85]. 

Widening this approach to model pre-processing by incorporating the effects of the 

donning procedure, as Lacroix and Patino [134] did for transfemoral amputees, would 

improve modelling even further. 
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Table 2-9: Potential technologies for advanced FE modelling input 

Soft Tissue Property Technology Reference 

Anisotropy Diffusion Tensor MRI (DT MRI) Ramsay et al. 2018 
[135] 

Inhomogeneity Different 
soft tissue 
layers 

MRI, 
Ultrasound 

Bader and Worsley 
2018 [136] 

Scar tissue Elastography Strijkers et al. 2019 
[137] 

Fatty 
infiltration 

Dixon MRI method, 
Magnetic Resonance Spectroscopy,  
T2 relaxation time mapping 

Strijkers et al. 2019 
[137] 

Elasticity and stiffness Elastography Nelissen et al. 2017 
[138] 
Sigrist et al. 2017 
[139] 

 

2.5.3.2. Alternatives to determine internal loading states 

Modelling is not the only approach to determine internal loading states. Medical 

imaging offers ways to visualise soft tissue deformation directly. MRI tagging has been 

proposed and used to derive strain values of compressed muscle [137, 140]. Another 

alternative would be to measure physiological features indirectly related to the 

mechanical state of tissues. DT MRI for example captures changes in diffusivity due 

to compression [141], making it a potential measure for strain [142]. Given the 

complexity and limitations that the predictive nature of analytical and computational 

modelling entails, it seems sensible to integrate technologies that have not yet been 

used for pressure ulcer research. Nevertheless, even with technological advances, 

interpreting the produced data remains difficult until we have a more scientific 

understanding of the influence of loading on soft tissues.  

2.5.4.  Limitations of the scoping review 

Whilst the systematic approach according to the PRISMA-ScR guidelines identified 

most of the relevant literature, there are various sources of potential bias. First, the 

lack of registration of the review protocol before performing this scoping review may 

have introduced reporting bias. Unfortunately, possibilities to report protocols for 

scoping reviews on common publication platforms like PROSPERO are limited [73]. 

Bias was therefore minimised by selecting articles according to a pre-defined set of 

criteria according to the PRISMA-ScR guidelines.  
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By restricting the search to English language and excluding grey literature, studies 

might have been missed, introducing selection bias. Further papers might have been 

overlooked because of the variations in wording and definitions of pressure injuries 

[57, 143, 144]. Additionally, the review process was mainly conducted by one 

reviewer. To limit possible selection bias, a combination of common DTI- and 

prosthesis-related expressions was used in the search strategy. In case of uncertainty 

during the selection process, a second reviewer was consulted.  

Last, the focus of this study was on transtibial prosthetic users. Transfemoral 

amputees might experience similar conditions and could therefore be included in 

future endeavours. 

2.6. Summary of the scoping review 

This scoping review recorded an overwhelming interplay of aetiological and risk 

factors for DTI in transtibial prosthetic users. It also highlighted the need for 

fundamental research in this area. Particularly relevant is the unique biomechanical 

environment created when the residuum and prosthetic socket interact during gait, 

which is characterised by high shear forces and repetitive loading. Combining the 

tissueôs response to dynamic loading with measurement methods like imaging could 

provide new insights into the aetiology of DTI. This would build the scientific basis for 

consensus on much-needed advances in clinical practice: from improved amputation 

and rehabilitation processes, to updated socket design and fitting procedures, and the 

optimised use of componentry. 

2.7. Research aim 

The results of this scoping review revealed that pressure injury and prosthetic 

research have many similarities regarding aetiology, risk factors, and research 

methods. Yet, the evidence on the soft tissuesô reaction to the biomechanically unique 

environment within the residuum-prosthesis-complex is limited. Dynamic loading 

conditions, repetitive soft tissue deformation, and high shear forces are unique to the 

prosthetic user population. To investigate these conditions, prosthetic research could 

benefit from applying pressure injury methods and ways of tissue analysis to residual 

limbs.  

Only with a sound understanding of the relationship between the biomechanical 

environment and the biological soft tissue response, upcoming technologies can be 
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fully utilised. This applies not only to advanced research methods like image-based 

FEA, but also developments in clinical digitalisation, like digital shape capturing and 

additive manufacturing.  

Based on this need for further research into the reaction of skeletal muscle to different 

loading conditions, the key research question for this project forms the following 

overarching aim for this thesis: 

 

Investigating the influence of prosthesis-related loading  
on skeletal muscle health 
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3 CHAPTER 3 

 

The mechanobiology of Deep Tissue Injury 

development 

 

This chapter introduces the key concepts around mechanobiological research on 

skeletal muscle. After an introduction to skeletal muscle, the current knowledge on 

the reaction of cells and tissues to mechanical loading is discussed with a focus on 

pressure injuries and prosthetic use. All this information is distilled into the research 

objectives for this project set out at the end of the chapter. 

This chapter is the result of the literature read and reviewed by the author throughout 

the project. The direction of the research was stimulated by frequent discussions with 

A. Buis on mechanobiology and prosthetics, as well as A. Wark and M. Sandison on 

methodological aspects of different muscle-related studies. 
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3.1. Introduction to mechanobiology in prosthetics 

Mechanobiology has emerged as a new field of research over the last decades. It 

aims to uncover the relationship between biological activities on cell and tissue level 

and their mechanical environment. Research is thereby mostly centred around the 

questions of ñhowò and ñwhatò: How does a cell convert physical cues into a biological 

response? This is relevant on a microbiological level, i.e. to develop new therapeutic 

techniques against cancer [145]. The second question is: What does the biological 

responses of cells and tissues to mechanical stimulation look like? The answers can 

have a direct impact on prosthetics. Characterising the soft tissue reaction to different 

mechanical loading scenarios can provide a basis to gauge prosthetic fit, adapt 

sockets where necessary, and provide recommendations on prosthetic usage.  

3.1.1. Scope of mechanobiology in prosthetics 

To investigate the influence of prosthesis-related loading on soft tissue health, three 

main areas need to be addressed: (1) Surgery and clinical rehabilitation, (2) the 

biomechanics of different loading scenarios, and (3) the cell and tissue response to 

the physical stress. All three areas stretch across multiple disciplines (Figure 3-1), 

which will be summarised in the following paragraphs.  

 

Figure 3-1: Mechanobiology in prosthetics.  Mechanobiology is an interdisciplinary field 
that combines techniques from biological (green) and mechanical research (blue) to 
understand the influence of physical stress on anatomical structures and physiological 
processes in living tissue. This approach can be used to characterise the residuum-prosthesis-
complex in prosthetic users (orange). 
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From a clinical perspective, the first decisions that influence the soft tissue and its 

biomechanical environment are made during orthopaedic surgery, where the shape 

and general characteristics of the residuum are determined, like the location of scar 

tissue. The tissue further changes during postoperative care i.e. from wound 

management and the use of early walking aids. The environment at the residuum is 

then shaped by socket design and choice of componentry during rehabilitation. Last, 

the way the prosthesis is used in daily life like walking or running defines the loading 

conditions.  

The combination of clinical aspects produces a certain biomechanical environment at 

the residual limb, which can be described from two perspectives: solid mechanics 

characterise forces exerted by the prosthetic system during use; material mechanics 

define the mechanical properties of the soft tissues that influence load transmission 

across the residuum. This interdependent system is often analysed with 

computational modelling as physical measurements are difficult to obtain. To interpret 

the outcomes of the biomechanical analysis, one needs to understand the general 

cell and tissue response to mechanical loading. This includes a basic understanding 

of the anatomy and physiology of cells and tissues within the residual limb. Their 

micro- and macro-level responses can then be characterised with cell biology and 

histology techniques. 

3.1.2.  Fundamentals of mechanical load 

A clear definition of terms related to mechanical loading is crucial to avoid 

misunderstanding when discussing loading, mechanical properties and materials. 

Within this thesis, a differentiation between external mechanical loading conditions at 

an interface, i.e. between the socket and residual limb or an indenter and soft tissue, 

and internal loading conditions like within the muscles of the residual limb was made.  

Looking at external loading conditions, perpendicular forces lead to compression or 

tension of the tissue, and angular forces possess a shear component ( 

Figure 3-2). Friction also needs to be considered, which is defined as the tangential 

force acting at the surface of two contacting bodies in opposite direction to their 

relative motion (Figure 3-3a). When the skin of the residual limb is stretched against 

the support surface due to friction, shear forces start acting upon the superficial layers 

parallel to the surface and deform it, until slip occurs. These shear forces are 
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characterised by their equal size, opposing direction, and parallel offset arrangement, 

as seen in Figure 3-3b.  

The intensity of a normal force per area is defined by pressure. While pressure is a 

frequently used term in mechanobiology-related research, its use can be ambiguous. 

In engineering terms, pressure is a scalar quantity, meaning that it is independent of 

direction. Stress on the other hand is a tensor that includes both magnitude and 

direction. In literature, the term pressure is often used interchangeably with direct 

stress (Figure 3-3c). In this thesis, the term pressure will still be used when referring 

to work by others whilst original work will differentiate between pressure and direct 

stress. 

 

               

 

 

 

 

 
Figure 3-2: Types of mechanical loading of tissue. a) Compression: forces acting 
towards and perpendicular to surface b) Tension: acting away from and perpendicular to 
surface c) Shear: forces acting in parallel to surface in opposite directions. 

 

 

Figure 3-3: Forces at the body-support 
interface.   
 
a) Friction: reaction force that resists motion 
b) Shear force: opposing force pair causing 
deformation; dotted line: undeformed 
configuration, solid line: deformed configuration 
c) Direct stress: perpendicular force on area 
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Internal loading conditions on the other hand are characterised with the aid of stress 

(force per unit area) and strain (deformation). This can be visualised with stress 

elements, a useful way of representing stresses acting at some point in the body 

(Figure 3-4). A stress element isolates a small element and shows stresses acting on 

all faces. Dimensions are infinitesimal small but are drawn to a large scale. When a 

tensile force is acting upon a rectangular object, a stress element in its middle is 

deformed (stretched) analogously to the object (Figure 3-5a). The orientation in which 

the normal forces that act perpendicular to a plane on the stress element reach their 

maximum defines the maximum principal stress ůmax. The shear stress in this 

orientation will be equal to zero. If the orientation of the specimen is changed, 

however, it will be subject to a combination of compression and shear forces (Figure 

3-5b). The maximum shear stress can be found in a plane at an 45° angle to that of 

the maximum principal stress orientation, having a magnitude of ůmax/2. Hence, an 

external tensile or compressive load will always lead to the development of shear 

stress.  

  

 
 
Figure 3-4: Stress elements. A stress element is a way to represent the stresses within a 
body initiated by external loading, i.e. direct stress/pressure (P). It shows normal stresses ů 
acting perpendicular to a plane, as well as shear stresses Ű acting parallel to a plane.  
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Figure 3-5: Uniaxial tension (a) stress element in orientation that represents the maximum 
normal stress and zero shear stress (b) stress element in orientation that represents the 
maximum shear stress and a non-zero normal stress; solid lines: undeformed configuration; 
dotted lines: deformed configuration; red arrows: external tensile load; black arrows: internal 
load.  

 

3.2. Aim of literature review on mechanobiology of skeletal 

muscle 

The scoping review described in Chapter 2 highlighted the need for fundamental 

research into the cell and tissue response to prosthesis-related loading. While two 

areas of prosthetic mechanobiology, the prosthetic environment and its 

biomechanics, are comparably well studied, biological research on their influence on 

cells and tissues of the residual limb is still in its infancy. This chapter will introduce 

key concepts around mechanobiological research on skeletal muscle. Based on the 

similarities between prosthetic and pressure injury research, an overview over state-

of-the-art research in both areas will be provided to answer the question of how cells 

and tissues react to mechanical loading. All this information is distilled into the 

research objectives for this project set out at the end of the chapter. 

3.3. Anatomy and physiology of skeletal muscle 

3.3.1.  Hierarchical structure of skeletal muscle 

Skeletal muscle has a complex hierarchical structure and functionality that differs from 

most other tissues in the human body (Figure 3-7). The organisational units of 

skeletal muscle are separated by various connective tissues (Figure 3-6). 

Surrounding the muscle is the fibrous epimysium. It encloses nerves, blood vessels, 

a b 

P P 
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and lymphatic vessels, as well as skeletal muscle cells. Those cells, also known as 

myofibers, can reach a diameter of 100ɛm and a length of up to 30cm in human thighs 

[146, 147]. They are bundled into compartments of fascicles, which are partitioned by 

the perimysium. Within the fascicles, single myofibers are separated by the 

endomysium. All the connective tissues come together at the end of a muscle to form 

tendons (rope-like) or aponeurosis (sheet-like), attaching it to bones. 

 

Figure 3-7: Hierarchical structure of skeletal muscle tissue.  Image by courtesy of 
Encyclopaedia Britannica, Inc., copyright 2017 [148]; used with permission.  

 

Figure 3-6: Representative control tissue (cross-sectional view). (a) densely packed 
skeletal muscle tissue with little interstitial spaces between cells and polygonal cell 
morphology (b) minor cell damage in the peripheral area of a sample (white rectangle) with 
rounded, swollen cells and increased interstitial spaces. 

a b 
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Looking at single myofibers, their structure differs from the typical cell and therefore 

adopts a specific terminology. Instead of a plasma membrane and cytosol, skeletal 

muscle cells are surrounded by the sarcolemma, which contains the sarcoplasm. 

Within the sarcoplasm and adjacent to the sarcolemma are the cellôs hundreds of 

nuclei [146, 149] (Figure 3-8). They form through fusion of myoblasts, muscle stem 

cells, during embryonic development [147, 150]. 

 

Skeletal muscle cells have a cross-striated appearance, which stems from the 

repetitive arrangement of the cytoskeleton. Each myofiber contains multiple rod-like 

myofibrils which are divided into contractile units known as sarcomeres [151]. 

Sarcomeres are made of long proteins organised into myofilaments. Thick filaments 

with a diameter of 15nm are made predominantly of myosin [146]. Thin filaments 

consist of bundles of actin with a diameter of 5nm [146]. The alignment of both 

filaments in a regular pattern causes cross-striation [151]: In dark appearing areas, 

known as A-bands, thin and thick filaments overlap; the lighter appearing I-bands 

contain only thin but no thick filaments; the Z-bands mark the end of a sarcomere 

where thin filaments are linked with titin and other structure-providing proteins [146, 

151]. 

3.3.2. Contractile function of skeletal muscle 

The cytoskeleton plays a crucial part in muscle function. It provides not only structure 

and strength to the cell, but also allows for the muscleôs unique ability to contract 

voluntarily. Each contraction is initiated through a change in membrane potential. 

Figure 3-8: Representative 
control tissue (longitudinal 
view). Skeletal muscle fibres 
(pink) in dense, parallel 
arrangements with only few 
interstitial spaces; nuclei 
(blue) are located peripherally. 
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When an electrical impulse from the nervous system, also known as action potential, 

hits the sarcolemma, it is distributed across the whole cell by a network of T-tubules. 

The transferred action potential triggers the release of calcium ions from the 

sarcoplasmic reticulum [146, 150]. This in turn activates binding sites on thin 

filaments, which initiates cross-bridging between the actin and myosin chains. 

Subsequently, the myosin heads pivot and cause a shortening in the distance 

between actin and myosin complexes; the muscle contracts. Once the action potential 

is no longer transmitted, the calcium ions in the sarcoplasm are reabsorbed by the 

sarcoplasmic reticulum. The active sites that allowed for the formation of actin-myosin 

cross-bridges are covered up. The muscle will return to its original resting length and 

relax. 

The process of muscle contraction is powered by energy in the form of adenosine 

triphosphate (ATP). ATP is produced in the mitochondria of a cell, either through 

glycolysis (breakdown of glucose to generate energy) or oxidative phosphorylation 

(energy generation through electron exchange in combination with oxygen). 

Depending on the source of energy used during contraction, different types of muscle 

fibres can be differentiated [152]. Type I fibres are slow twitching fibres that are used 

mostly for low power endurance activities like maintaining posture. They have a high 

mitochondrial density and produce ATP mainly via oxidative metabolism [153]. Type 

I fibres therefore rely on a rich capillary supply, which together with a high myoglobin 

content (protein for oxygen transport) makes them appear dark red [152, 153]. Type 

II fibres are fast twitching fibres that are subdivided into type IIA and IIX. Type IIA 

fibres are fuelled by both oxidative and glycolytic metabolism, making them ideal for 

longer lasting, higher energy tasks like walking [153]. Like type I fibres, they have a 

high mitochondrial density, rich capillary supply and appear dark red [152, 153]. 

Conversely, type IIX fibres, which are used for explosive movements like running, use 

glycolysis as their main source of energy and therefore have a low mitochondrial count 

[153]. They also require less capillary supply and, together with their low myoglobin 

content, appear pale red [152, 153].  

3.3.3. Muscle injury after deformation and repair mechanisms 

The fibrous, highly hierarchical structure of skeletal muscle makes it prone to 

deformation damage like Deep Tissue Injury (DTI) [32, 154]. Globally applied loads 

deform the tissue, leading to local tensional strains at cell-scale [155]. These tensional 
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strains cause an increased permeability of the sarcolemma [156]. However, the exact 

cause for stretch-induced permeability is not fully understood. One possible 

explanation is structural damage to the cytoskeleton, where the membrane bursts 

under high load [154, 157, 158]. Another plausible mechanism is the activation of ion 

channels in the membrane like stretch-activated cation channels, calcium-specific 

leak channels, or growth factor-regulated channels [158].  

Independent of its root, the increased sarcolemmal permeability causes an influx of 

ions that disturb the cellôs homeostasis. To prevent severe damage, the cell has 

developed several strategies: It can reseal membrane lesions rapidly through 

intracellular vesicles, which are activated by a calcium overload, through membrane 

fusion, or by reducing the membrane tension [159ï164]. However, if the cell fails to 

restore its homeostasis promptly, cell death cascades are initiated. The leaky 

membrane causes a significant rise in calcium ion levels within the cell, which 

activates cytosolic enzymes like protein kinases, phospholipases, and calpains [150, 

165]. Those enzymes attack membrane lipids of cell organelles and dissemble 

cytoskeletal proteins. Once crucial organelles like the mitochondria are damaged, the 

cell is depleted of ATP, autolysis is initiated, and reactive oxygen species are released 

[165]. Ultimately, the cell is irreversibly damaged and inflammatory processes 

commence. 

During inflammation, the small blood vessels supplying the muscle dilate, leading to 

an accumulation of exudate, known as oedema [107, 166, 167]. The neutrophils, 

macrophages, and lymphocytes contained in this exudate amplify the inflammatory 

actions. Damaged cells are broken down, liquefied, and often removed through 

phagocytosis (elimination by phagocytes that engulf and digest the waste) [146, 165].  

Once the tissue is cleared of cellular debris, myosatellite cells are activated to start 

muscle regeneration. Myosatellite cells are the remnants of embryonic muscle 

development: While the majority of myoblasts fuse into myofibers, some remain in the 

periphery of the developing fibres as stem cells [146]. The activated myosatellite cells 

proliferate and differentiate into myoblasts [149, 150], which in turn fuse with fibres to 

allow for recovery [146, 150]. 

In general, muscle is well adapted to respond to low-level damage. The processes of 

membrane-resealing happen daily as they are commonly induced by exercise for 

example. However, its structural arrangement makes it prone to injury from severe 

deformation, which initiates the described three-step cycle of cell death, inflammation, 
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and regeneration. If the cell death rates exceed the regenerative capacities, severe 

tissue damage is possible. 

3.4. Modelling the biomechanics of skeletal muscle 

The scoping review (Chapter 2) identified computational modelling as a common tool 

in DTI and prosthetic research. Finite Element Analysis (FEA) for example is often 

used to integrate material mechanics into the clinical context. However, considering 

the complex mechanical properties and the biological adaptability of skeletal muscle, 

the challenges for developing a realistic computational model are two-fold: Acquiring 

data input on material properties from mechanical testing; and representing the 

mechanical behaviour in sufficiently realistic mathematical models.  

3.4.1.  Mechanical properties of skeletal muscle 

Skeletal muscle has various mechanical properties that make its behaviour inherently 

difficult to predict. The tissue can be considered a composite material of cells, ground 

substance, and fibres, exhibiting anisotropic and viscoelastic behaviour [131]. 

Anisotropy means that the direction of the stress application alters the mechanical 

properties, caused by the arrangement of skeletal muscle tissue in a fibrous structure 

(Figure 3-9). The fibre distribution and their pennation angles (fibre direction relative 

to the muscleôs line of action) play a role as well [168]. Viscoelasticity on the other 

hand presents as a combination of elastic and fluid-like characteristics. It describes 

the time-dependency of the mechanical behaviour, meaning that loaded tissue 

exhibits hysteresis, stress relaxation, and creep (Figure 3-10). Consequently, muscle 

behaviour varies depending not only on the magnitude and direction of load 

application but also the rate of application, duration, and whether it is of static or 

dynamic nature.  

 

Figure 3-9: Stress-strain curve for 
tendon. The curve is the result of an 
unravelling of the fibres, their 
alignment along the stress direction 
and final failure. (Image reproduced 
from [132], published under CC BY 
3.0 license) 
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Figure 3-10: Schematic representation of muscle-specific mechanical behaviour. (a), 
hysteresis describing loss of energy, causing different deformation for the same stress under 
cyclic load application, (b) after several loading cycles, the muscle is ñpre-conditionedò and 
the hysteresis curve becomes reproducible, (c) stress relaxation, i.e. reduction in stress, under 
constant deformation, (d) creep describing increasing deformation under constant load 
(Images reproduced from from [132], published under CC BY 3.0 license) 

Complicating computational modelling even further, skeletal muscle is a living 

material with physiological processes that need to be considered. For example, 

muscle has shown to stiffen after pressure-related damage [85, 133], which can lead 

to a redistribution of stress and strain within the undamaged tissue [169]. Additionally, 

when the tissue is subjected to fluctuating loads, which is often the case in gait-related 

loading scenarios, its metabolism changes [170]. Consequently, the ATP 

consumption increases [170], which might induce fatigue at a faster rate than 

monotonous stress cycles. Another challenge is the contractile ability of skeletal 

muscle. Besides determining the behaviour of passive muscle, including its active 

state and electrical stimulation adds yet another dimension [168].  

3.4.2.  Computational models of skeletal muscle in pressure 

injury and prosthetic research 

Depending on whether a computational model is used for scientific or clinical 

applications, the accuracy of a complex skeletal muscle model needs to be weighed 

against computational cost. The most common concepts and parameters used to 

describe skeletal muscle behaviour are summarised in Table 3-1. The complexity of 

(a) (b) 

(c) (d) 
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such models increases drastically the more biophysical phenomena are included. A 

simple linear elastic model for example only requires two parameters while a highly 

complex electromechanical model that takes action-potential induced contractions 

into account can require up to twenty input parameters [168]. The computing power 

and time needed to solve these models increase accordingly. 

Table 3-1: Parameters for computational modelling of skeletal muscle in pressure 
injury and prosthetic research. 

Criterion Explanation 

Linear elasticity: Linear stress-strain relationship; also known as Hookean model 

Nonlinear elasticity: 

 - Hyperelasticity 
Assumption of large deformation behaviour under loading, i.e. 
strain-rate independent non-linear behaviour 

 - Viscoelasticity 
Combination of elastic and viscous behaviour, i.e. integration of 
time-dependency (creep, stress relaxation) 

 - Poroelasticity 
Mechanical behaviour as interaction between fluid and solid, i.e. 
fluid-filled fascicles surrounded by solid connective tissue 

Isotropy: 

 - Isotropy Uniformity, i.e. no fibres 

 - Anisotropy Different material behaviour depending on fibre direction 

 - Orthogonal 
Type of anisotropy with three axis of symmetry that describe the 
fibre orientation 

Compressibility: 

 - Compressible Volume change after pressure application 

 - Incompressible No change in volume after pressure application 

Homogeneity: 

 - Homogeneous Uniform material without irregularities 

 - Inhomogeneous Irregularities in material, i.e. scar tissue 

In pressure injury research, almost the complete spectrum of theories and 

combination of criteria can be found. This includes linear elastic [33] as well as a 

variety of nonlinear elastic [133, 140] and viscoelastic models [27, 171], isotropic 

behaviour [27, 29], tissue homogeneity [27, 133, 140, 171], and the addition of 

damage laws [133, 171]. Similarly, Dickinson et al. [38] found a variety of models and 

parameters in the literature to describe the behaviour of skeletal muscle in residual 

limbs, including isotropy, linear elasticity, viscoelasticity, and homogeneity. 

Additionally, Ramasamy et al. [135] recently modelled inhomogeneous fibre 

alignment and distribution based on Diffusion Tensor MRI images of a residual limb, 
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which could allow for the integration of inhomogeneous, anisotropic muscle 

behaviour. 

To summarise, computational modelling of skeletal muscle provides a crucial link 

between experimental and clinical work. The largest obstacle is thereby the vast array 

of material models, assumptions and parameters used in both pressure injury and 

prosthetic research, which makes a comparison of outcome measures between 

studies difficult. While choosing and clearly describing the modelling theories and 

parameters remains challenging, this flexibility also provides an opportunity to study 

the influence of single factors independently, which is often difficult in experimental 

settings. Additionally, the availability of open access Finite Element (FE) software like 

FEBio [172] can help to increase the comparability of outcome measures. 

3.5. Threshold levels in prosthetic and pressure injury research 

Although pressure has been identified as the initiating factor for tissue damage like 

DTI, not every pressure application leads to irreversible damage of soft tissues. 

According to the physical stress theory, the transfer between different levels of tissue 

adaption and death is marked by threshold levels [63] (ñ2.1.3 Physical Stress 

Theoryò). Defining these threshold levels is as desirable in pressure injury research 

as it is in prosthetic practice: If we know under which conditions the cells and tissues 

cross the threshold between injury and death, we can identify and predict these 

scenarios before they occur and therefore potentially prevent tissue damage 

altogether. The following paragraphs will summarise and discuss the most relevant 

thresholds and techniques currently used in prosthetic and pressure injury research. 

3.5.1. Pressure-pain tolerance thresholds 

To assess the fit of a prosthetic socket, the pressure level at the residuum is often 

gauged. For example, a widely used design concept, the Patellar Tendon Bearing 

(PTB) socket, divides the residuum into pressure tolerant and pressure sensitive 

areas [173]. While tolerant areas are actively loaded through indentations into the 

socket wall, pressure is released from sensitive areas by removing material.  

The classification into ñtolerantò and ñsensitiveò areas suggests a close relation 

between pressure and the sensations associated with loading of the soft tissues. 

Indeed, pain is a natural protective mechanism of the body that activates when 
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external mechanical loads become a potential risk for tissue health. Hence, a large 

body of literature has explored the pressure-pain-relationship. 

One measure to quantify this relationship is the definition of pressure-pain-thresholds. 

Through indentation tests on the residuum, an individualôs pressure pain threshold 

(the interface pressure at which a feeling of pain sets in) as well as the pressure pain 

tolerance (the point at which the pain becomes unbearable) can be determined [174ï

176]. Alternatively, researchers have used different scales and scoring systems to 

classify pain, including the Visual Analogue Scale [175, 177], the Socket Comfort 

Score [178], the Trinity Amputation and Prosthetic Experience Scale [178], or other 

custom-scales [175]. These assessments revealed that the pain perception differs 

significantly between individuals [179] as well as between areas of the residuum [174, 

177, 180]. The outcomes have been used to quantify socket designs [178, 180], verify 

computational socket models before fabrication [176, 181], compare different 

fabrication methods [175], as well as develop adaptive sockets [182]. 

However, the pressure-pain threshold only provides information for superficial tissue 

layers at the socket-tissue interface [37, 174, 176, 177, 179ï181, 183]. Its relation to 

deep tissue deformation is missing. In general, deep tissue pain is more diffuse and 

difficult to localise because of a naturally lower pain function in deep compared with 

cutaneous tissue [179]. Consequently, the perceived pain might not reflect the 

severity of tissue damage [179]. This makes pain a less suitable marker to assess 

deep tissue deformation and potential injury.  

Additionally, while tissue damage almost always manifests in pain, the opposite is not 

necessarily the case [179]. Pain is also a less reliable marker for individuals with 

sensory impairment like diabetic patients, which form a large group of transtibial 

amputees. Diabetic patients commonly develop neuropathies, presenting as altered 

sensation ï either an increase or loss ï because of nerve damage [184]. Last, as pain 

is a subjective experience, it remains difficult to define and quantify on a scientific 

basis, despite the efforts to verbally describe, rate, or scale the sensation. The 

emotional burden of distress caused by pain and discomfort should still be considered 

when fitting a prosthesis. However, a physiological approach to define socket fit in 

relation to pressure or deformation might be more objective and easier to quantify. 
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3.5.2.  Pressure-cell death thresholds 

The first physiology-based study documenting the transition between healthy and 

damaged skeletal muscle caused by pressure application dates back to 1942. Growth 

[185] observed that the magnitude and duration of pressure application influence the 

development of muscle damage in rabbits. This was further quantified in animal 

studies by Husain [186] and Kosiak [187], who proposed an inverse relationship 

between the magnitude and duration of interface pressure application in relation to 

muscle damage. With the clinical observations by Roger and Reswick [188] in 1976, 

the first human-based pressure injury threshold curve was introduced. The 

researchers proposed an exponential function, also known as Roger-Reswick-Curve 

(Figure 3-11), as measure for a critical pressure-time-threshold. Despite the limited 

translatability of the absolute values of this pressure-time-threshold, it has since been 

used as a quantitative benchmark in clinical policies and product development [189].  

Over the next decades, research efforts into DTI revealed that tissue deformation as 

opposed to interface pressure is responsible for damage formation. The relevance of 

the inverse pressure-time relationship for short time frames (< 3hr) was also debated. 

To address these developments, the short-term response of skeletal muscle was 

studied following a hierarchical approach [61]. Researchers used new in vitro models, 

ranging from single cells [157, 190, 191], over cell constructs [154, 192, 193] to 

bioartificial muscle constructs (BAM) [33, 105, 194]. Additionally, animal models were 

combined with computational modelling and imaging techniques to relate data on 

cellular damage to internal deformation [34, 90, 91, 133, 195ï198]. 
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Figure 3-11: Tissue tolerance under mechanical loading. The Roger-Reswick-Curve 
(dotted line) defines that if the product of an applied interface pressure and the time it is applied 
for exceeds the critical threshold of 300mmHg x hr, tissue damage will follow. For short term 
pressure application, the pressure magnitude leading to damage becomes infinitely large. For 
increasingly longer time frames, the tolerable pressure becomes infinitely small. For these 
extremes, Linder-Ganz et al. and Gefen et al. proposed a refinement, leading to an adjusted 
sigmoid injury curve (solid line, Gefen curve). Care needs to be taken when interpreting the 
graph as it combines three inherently different studies and mechanical loading-related units: 
Roger and Reswick [188] measured interface pressure between the human body and hospital 
beds; Linder-Ganz et al. [34] calculated principal compressive stress within skeletal muscle 
tissue caused by indentation and used it interchangeably with interface pressure between 
indenter and muscle; and Gefen et al. [33] measured relative deformation in bioartificial 
muscle constructs following indentation. The notable differences in subjects, methodology, 
and measurement make a direct overlap of threshold curves as presented in this image 
difficult. Nevertheless, the focus is on the sigmoid shape of the newly developed threshold 
curve in comparison to the Roger-Reswick graph. (Image reproduced from [26] published 
under CC BY-NC 4.0 license) 

3.5.2.1. Compressive pressure and strain thresholds for static 

loading scenarios 

Most notable are studies by Linder-Ganz et al. [34] and Gefen et al. [33] who both 

proposed a sigmoid threshold curve rather than a hyperbolic function (Figure 3-11). 

Linder-Ganz et al. [34] found that pressures of >32kPa cause structural damage of 

skeletal muscle in rat hindlimbs in less than an hour; for extended periods of >2h this 

pressure tolerance level declines to 9kPa. Similarly, Gefen et al. [33] discovered that 

BAM can withstand compressive strains of up to 65% for 1h and 40% for up to 4.75h. 

While limitations in the methodology restrict the direct applicability of these 

quantitative values to clinical settings, the studies mark a significant step towards the 

predictability of DTI and provided the basis for a variety of patient-centred studies [30, 

76, 89]. 
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3.5.2.2. Shear strain thresholds for static loading scenarios 

The described research on cell-death thresholds levels focused on sustained 

compression. However, shear strain also needs to be considered as external pressure 

application causes distortion of deeper tissues (ñ3.1.2 Fundamentals of mechanical 

loadò), particularly if the pressure distribution is non uniform. Ceelen et al. [198] and 

Loerakker et al. [91] addressed this topic in their combined MRI and computational 

modelling-based animal studies. They demonstrated that shear strain and shear 

strain energy have a linear relationship to deep tissue damage and observed that 

damage only arises after a threshold level is reached. These damage thresholds were 

identified as a maximum shear strain of 0.75 [mm/mm], a strain energy of 0.45 [J/mm], 

a strain energy density of 6-7kPa [91, 198]. However, these values are not universal 

but vary between individuals. Additionally, a recent MRI study by Traa et al. [199] 

challenged the existence of a clear threshold level but proposed a transition zone 

between low and high risk for damage instead. Further research using shear forces 

instead of compressive forces could help to elucidate the contribution of each 

component to skeletal muscle injury. 

3.5.2.3. Thresholds for dynamic loading scenarios 

While static loading scenarios are relevant for many pressure injury cases, the 

biomechanical environment at the residual limb is dominated by cyclic, repetitive 

loading. This is similar to the field of diabetic foot ulcers, where the repeated 

application of moderate pressure during gait promotes tissue injury [200, 201]. The 

soft tissues at the diabetic heel however differ fundamentally from the muscles found 

at the residual limb regarding their mechanical properties, vascular supply, and their 

neuropathic status [202, 203]. Nevertheless, researchers hypothesised a negative 

effect of dynamic loading on bone and muscle precursor cells when the load is 

sufficiently high or applied for a long time [204, 205]. Low level cyclic stress on the 

other hand appears to strengthen cells against compressive damage as the 

cytoskeleton remodels [205]. 

Despite these increased research efforts on the mechanobiology of pressure-related 

soft tissue injury, the effect of dynamic loading, particularly in the context of prosthetic 

use, is still largely unknown. This is surprising, considering that as far back as 1972, 

an initiative by the Committee on Prosthetic Research and Development pointed at 

the need for a more comprehensive understanding of the influence of dynamic loading 
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scenarios on soft tissue [35]. However, to the authorôs knowledge, no threshold 

studies on the relationship between skeletal muscle damage and repetitive 

deformation exist. 

3.5.3. Closing pressures for the vascular and lymphatic system 

Besides direct deformation damage to cells, other determinants relating to the 

vascular and lymphatic system have been proposed to identify threshold levels. A 

variable often quoted in ischaemia research is the critical capillary closing pressure. 

It is the pressure needed to cause a collapse of capillaries, and traditionally equivalent 

to an interface pressure of 32mmHg or 4.3kPa [206, 207]. While this value is still 

commonly promoted [208], its applicability in a clinical context has been challenged. 

The critical pressure is dependent on local pressure gradients. As the traditional value 

was established at the epidermis of the fingers, an interface pressure of 4.3kPa is 

unrepresentative of internal loading conditions. Moreover, the closing pressure varies 

significantly between subjects [209] and is based on healthy individuals, therefore 

ignoring the effects of pathophysiological changes [58] i.e. caused by diabetes. 

Researchers also found that adding a shear component to the compressive load 

reduces the critical closing pressure significantly, making even physiological strain 

levels potentially dangerous [100, 101, 210]. The clinical relevance of the established 

capillary closure pressure is therefore debatable. 

Like the vasculature, the lymphatic system is also susceptible to pressure damage. 

Gray et al. [111] found that an interface pressure of 8kPa can occlude lymphatic flow 

in the human forearm. This threshold might be lowered with impaired vascularisation 

and subsequent reperfusion [113]. Additionally, toxic biowastes might build up, which 

can render muscle cells more susceptible to deformation damage [112]. However, the 

shortage in information on the role of the lymphatic system in DTI development 

requires further research. 

3.5.4. Threshold levels as the ñholy grailò 

So far, this chapter has demonstrated that several studies have attempted to define 

threshold levels that quantify the transition from healthy to damaged tissue with 

varying degrees of success and clinical relevance. But is this quest for threshold 

levels, potentially even finding ñtheò threshold level, the right way to predict DTI? 
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The idea of a ñholy grailò of threshold levels might be misleading. First, externally 

applied pressure triggers many processes on the macro-, meso-, and microscale. This 

explains the variety of thresholds proposed in the literature ranging from clinically 

oriented pressure-pain thresholds to the physiology-based relationship of pressure 

and cell death. Naturally, the units and magnitudes of these proposed thresholds are 

all different. Choosing a single, most relevant threshold is therefore almost 

impossible.  

When looking at the methodologies of threshold studies, the way that tissue damage 

is measured also varies significantly, even within the same threshold category. Direct 

damage to cells for example has been defined as a loss of cross-striation in skeletal 

muscle [34, 195, 211], a change in cell morphology [154], a change in metabolic 

activity [105], as well as through the uptake of different membrane-impermeable 

fluorescent dyes [33, 156, 193, 194, 212]. Consequently, comparing outcomes even 

between experiments that measure the same parameter is difficult. 

Pressure-related damage is also not necessarily harmful. Our bodies have the 

inherent ability to repair cellular damage, and obvious injury only occurs when the 

damage rate exceeds the repair capabilities. Thus, factors that impair an individualôs 

ability to restore homeostasis like co-morbidities and medication also influence the 

individual threshold levels for DTI development.  

Even though defining ñtheò pressure threshold is a mere idealistic vision, the strive to 

define damage thresholds is nonetheless important. By searching for threshold values 

and trying to quantify the biological response of tissue to mechanical loading, our 

understanding of the aetiology of DTI has improved greatly over the last two decades. 

It not only helped to determine direct deformation, ischaemia, reperfusion, and an 

impaired lymphatic system as the main drivers of DTI, but also to differentiate the 

order and time course over which these processes orchestrate cell death (Figure 

3-12).  
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Figure 3-12: Time course of the three major contributors to mechanically induced tissue 
damage. Deformation, inflammation, and ischemia (Image reproduced from [26], published 
under CC BY-NC 4.0 license) 

Threshold-based research also allows to compare the influence of single parameters, 

like the effect of time, magnitude, or direction of pressure application on cellular 

integrity. Consequently, high-risk situations can be identified more easily in clinical 

and every-day settings. With this improved understanding of individual aetiological 

factors, recent research endeavours worked on combining respective markers to 

predict, define, and monitor the status of soft tissues more accurately [199, 213ï216]. 

In the future, these multifactorial marker arrays could be tailored towards risk groups 

and enhance the measurement accuracy even further. This is an exciting move 

towards scientifically based clinical practice and translating theoretical, experimental 

research from the bench to the bedside.  

3.6. Skeletal muscle models for mechanical stress studies 

The cell death cascade following excessive, sustained mechanical loading is triggered 

by direct deformation. It therefore seems logical to focus on this damage pathway first 

when trying to understand how prosthesis-related loading damages skeletal muscle. 

However, singling out this factor in human studies is almost impossible because every 

pressure application will also affect the vascular and lymphatic system. Instead, 

model systems are need.  

Similar to the hierarchical development of DTI [56, 217], muscle damage mechanisms 

can be investigated on different levels (Figure 3-13). Starting with the micro-scale, 

the response of single cells and monolayers to mechanical loading has been explored 
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[112, 157, 190, 191, 212, 218]. By increasing the model complexity to basic cell 

constructs [154, 193] and BAM [33, 105, 219], the meso-scale response has been 

documented as well. On the macro-scale, researchers induced DTI on murine models 

before recording cellular damage [34, 194, 195].  

 

Figure 3-13: Complexity of experimental studies on Deep Tissue Injury from micro- to 

macro-scale. 

3.6.1. In vitro studies on deep tissue injuries 

Two of the perhaps most influential studies on DTI aetiology were conducted by 

Linder-Ganz et al. [34] and Gefen et al. [33]. As described in ñ3.3.2 Pressure-cell 

death thresholdsò, they identified a sigmoid pressure and strain-cell death threshold 

curve for static loading in rat hindlimbs and BAM. From a methodological point of view, 

both studies have their advantages and disadvantages. 

In vitro studies like by Gefen et al. provide a highly controllable environment that 

allows to investigate the influence of mechanical deformation as an isolated factor. 

Additionally, the variability between different muscle constructs is low [33], as are 

ethical hurdles for experiments with cell lines. However, premature cell development 

and a limited hierarchical structures lead to morphological and functional deficiencies 

[220ï222], which can impact on the mechanical loading response [212]. The dense 

superficial layers of BAM also limit the transport of oxygen and nutrients, often causing 

a hypoxic core [194]. These hypoxic areas are not only unsuitable for analysis, but 

they can affect the surrounding cellular community through apoptosis-related 

communication [223]. BAM are also sensitive to distortion, exhibiting damage from 

impact shocks like transferring samples [194]. This could be a major drawback for 

experimental setups that require frequent handling. Regarding the setup, the way 
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BAM are grown in a Petri dish also lends itself to compression and shear loading 

experiments, whereas tensile arrangements are difficult to realise.  

3.6.2. In vivo animal models for deep tissue injury  

In vivo animal models on the other hand provide a fully developed muscle structure 

with a variety of cell types. Rodents in particular have a similar wound development 

as humans [224], making them ideal candidates for pressure injury modelling. An 

intact vascular and lymphatic supply and drainage allow long-term experiments in a 

live environment. However, this complex system makes it difficult to observe 

deformation as an individual damage mechanism. An external load application will not 

only influence the muscle cells, but all organisational levels in its vicinity [225], 

potentially causing ischaemic, reperfusion, and inflammatory damage. Additionally, 

anaesthetics delivered before experimental procedures can influence physiological 

processes [226, 227]. The generated results are often difficult to interpret because of 

the natural biological variability between animals [211]. Ethical hurdles for research 

on live animals are also high with Home Office licences required in the UK. The 

attachment of the muscle to the body also restricts the loading conditions that can be 

tested. 

3.6.3. Ex vivo animal models for mechanically induced skeletal 

muscle damage  

To minimise the drawbacks of in vivo animal studies, fields outside of pressure injury 

research like myopathic [228ï231] and exercise-related research [232ï235] 

commonly resort to ex vivo animal models. Isolated muscle tissue has a fully 

developed hierarchical structure and can be mechanically loaded without other 

structures being involved. Ethical approval for working with ex vivo tissue is also 

comparably easy to obtain. Nevertheless, high biological variability remains 

problematic. Additionally, the time frame for experimental work is defined by the 

tissueôs limited lifespan once removed from the body, as oxygen and nutrient supplies 

as well as waste transport systems are no longer functioning. While the body fluids 

surrounding native muscle tissue can be mimicked to some extent, keeping the 

maximum duration of experiments to 3-4h is advisable to avoid irreversible ischemic 

damage and rigor mortis [236ï239].  
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Taken together, the pros and cons of different skeletal muscle models need to be 

considered when setting up an experiment on the influence of prosthesis-related 

loading on skeletal muscle. While in vitro models allow for parametric studies, in vivo 

models provide the natural physiological environment that allows to observe the 

response across all organisational levels. Ex vivo studies balance some advantages 

and disadvantages of both other approaches, despite not being used for pressure 

injury research yet. Nevertheless, independent of the choice of model, it is important 

to keep model-related shortcomings in mind when interpreting data and building 

bridges to clinical situations. 

3.7. Ways of detecting cell damage 

Just like the choice of a model system, there are numerous ways to assess skeletal 

muscle damage, as mentioned in ñ3.5.4 Threshold levels as the ñholy grailò. The 

basics of the most common methodological approaches will be discussed in the 

following paragraphs. 

3.7.1. Histological staining in pressure injury research 

Sarcolemmal damage is often assessed through optical imaging. With the aid of stains 

or dyes, one can visualise structures and physiological processes indicative of the 

cellôs stress response to mechanical loading or highlight dead cells (Table 3-2). 

The most widely used approach to gain information on the microanatomy of tissue is 

through histological stains. These bind selectively to the structure of interest in a cell 

and change its light absorption properties [240], making it visible for microscopic 

imaging. For histology, tissue processing is necessary. Samples need to be preserved 

(fixed) to halt the degradation process and cut into thin sections. The muscle is 

typically either snap-frozen for cryosectioning or formalin-fixed and paraffin 

embedded (FFPE) before being cut on a microtome.  

A routine staining combination is haematoxylin and eosin (H&E) (Table 3-2). The 

oxidation product of haematoxylin, named haematin, stains nuclei blue, whereas 

eosin makes the cytoplasm appear red (Figure 3-6, Figure 3-8). Transverse tissue 

slices can therefore be assessed for their staining intensity, cellular and nuclear 

distribution, and cell shape and arrangement. Alternatively, damaged cells might 

exhibit a loss of cross-striation in longitudinal view when stained with Toluidine Blue, 
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Phosphotungstic acid haematoxylin (PTAH), or Gomorriôs trichrome. These results 

are often described qualitatively, but semi-quantitative assessments are also 

possible, where the severity of the damage is rated subjectively, based on selected 

criteria [241, 242]. 

Table 3-2: Overview of optical imaging studies in pressure injury research. 

 Reference 
Histology and fluorescent staining Definition of cellular damage 
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[90, 133, 
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Skeletal 
muscle 
tissue 

Formalin, 
Bouinôs, 
Paraform-
aldehyde, 
Cryo-
sectioning 

Haematoxylin 
and Eosin 

nuclear pyknosis (increased 
density of nuclei), infiltration of 
inflammatory cells, centralised 
nuclei, fragmentation, increased 
interstitial spaces, hypertrophy, 
irregular cell shape, intense 
staining of damaged cells 

[133, 195, 
197] 
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fluid, 
Formalin 

Toluidine Blue loss of cross-striation, infiltration 
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[105] BAM NA MTT assay Indirect measurement: Strong 
colour indicates high metabolic 
activity 

[105] BAM NA LDH assay Indirect measurement: 
Strong colour indicates active 
transport capabilities of cells 

[105] Medium 
around 
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NA Metabolic activity 
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 [33, 112, 

157, 192ï
194, 212] 

Single 
cells, BAM 

NA, 
Paraform-
aldehyde 

Propidium Iodide Staining of membrane impaired, 
apoptotic cells (live cell staining); 
nuclear pyknosis (fixed cell 
staining) 

[194] BAM NA YO-PRO-1 Staining of membrane impaired, 
necrotic cells 

[192] Single cells NA Ethidium 
homodimer-1 

Staining of membrane impaired 
cells 

  

3.7.2. Metabolic assays in pressure injury research 

Another option is to test the extent of healthy cellular function as an indirect measure 

for cellular damage. Gawlitta et al. [105] used an MTT assay that measures the 

reduction of tetrazolium salt by active cells, in combination with the release of lactate 
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dehydrogenase (LDH) by damaged cells to evaluate cell viability. This was supported 

by assays measuring physiological activity like glucose, lactate, and pH levels in the 

culture medium. A multifactorial setup of this kind that combines different assays can 

help to single out the effect of individual factors of pressure injury development on 

cells.  

3.7.3. Fluorescence imaging of skeletal muscle damage 

Fluorescence imaging is another powerful tool for the optical assessment of biological 

processes within cells and tissues that would otherwise be inaccessible. Researchers 

used fluorescent staining to investigate the effect of physical stress on the 

permeability of the cellular membrane [156], on intracellular calcium changes [243], 

on the diffusion of macromolecules [141], and on cell death development [33].  

In general, the potential for microscopic imaging to provide high quality data for 

biological and physiological research is growing constantly. The two major drivers are 

advances of imaging equipment, be it fluorescence-based or complementary 

techniques, and the increased availability of (open-source) analysis software, like 

ImageJ [244] and CellProfiler [245].  

3.7.3.1. Basic principles of fluorescence imaging 

For successful fluorescent staining and imaging, it is helpful to understand the 

underlying principles. Light is characterised by its wavelength: short wavelengths 

(ultraviolet or blue) have higher energy compared with longer wavelengths (red). 

During fluorescence imaging, the sample is excited with a wavelength characteristic 

for the fluorescence marker of interest. The incoming light energy (a photon) is 

absorbed by the substrate. This excitation energy causes a short-term transition of 

the molecules to a higher electronic state [246]. Upon return to the ground state, the 

energy is released as an emission photon. Between the excitation and emission 

process, energy is partly lost through vibration or heat so the emission wavelength is 

lower than the excitation wavelength (Figure 3-14) [247]. The wavelength of the 

emitted photon can then be detected by the microscope with appropriate filters. 
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Figure 3-14: Perrin-Jablonski 
Diagram of fluorescence. Jablonski 
diagram illustrates excited states of a 
molecule and transitions between them 
(1) Light excitation with short 
wavelength (blue) delivers high-energy 
photon. This causes an electron in the 
target molecule to move from its ground 
electronic state S0 to a higher electronic 
state S1, often with increased 
vibrational energy v2. (2) Vibrational 
relaxation reduces the energy to S1, v = 
0. (3) The remaining energy additional 
energy is emitted as the electron moves 
back to ground state S0, often with 
increased vibrational energy v2. The 
resulting wavelength is lower than that 
of the incoming light. 

 

3.7.3.2. Equipment for fluorescence microscopy 

The standard equipment for fluorescence imaging is an epifluorescence microscope, 

which can be found in most commercial laboratories and imaging facilities. This 

microscope illuminates the full thickness of a sample. However, light from a 

fluorescence probe might be reflected, diffracted (spread around an object), or 

refracted (redirected caused by a change in medium) as it passes through the sample, 

making a clear identification of the signalôs origin difficult [248]. With this out-of-focus 

light potentially obstructing the real fluorescence signal [247, 248], epifluorescence 

microscopy is most useful for imaging single cell layers. To gain information on thicker 

samples, additional processing is often necessary to prepare thin tissue slices. 

An alternative is confocal imaging. Confocal microscopes create three-dimensional 

maps of the stainôs distribution within a sample. After scanning the specimen at 

specified intervals, the created 2D images are combined to a 3D stack. The specimen 

is thereby imaged at a specific depth rather than the whole sample at once, keeping 

background scattering and out-of-focus signal to a minimum. Nevertheless, the 

capabilities of confocal microscopy are still restricted. The scanning speed is often 

slow, leading to a low temporal resolution; reflection, diffraction, and refraction reduce 

the signal-to-noise ratio; and the spatial resolution is often limited [249].  

Beyond the standard equipment, other advanced microscopes have been developed 

[246, 250] that address some drawbacks of confocal microscopy. Multiphoton 

fluorescence imaging uses two (or more) rather than one photon in the Near Infrared 
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(NIR) spectrum to excite fluorescence molecules. Both photons thereby arrive 

simultaneously, and their sum energy is equal to the energy needed for the 

transmission from the ground to the excited state (Figure 3-15) [246, 247]. By using 

a lower wavelength light source, scattering effects are lessened, which in turn allows 

for a deeper light penetration [251]. 

A similar approach yet without the need for fluorescence probes is second-harmonic 

imaging (Figure 3-15). This label-free technique can visualise non-centrosymmetric 

structures (no point of symmetry through which the structure could be ñinvertedò) such 

as collagen and myosin. On interaction with light, these structures return a signal that 

is exactly half the wavelength of the entering light [252]. Researchers used this 

phenomenon to visualise structural features of different tissues, for example muscle 

cross-striation [253] or fibrosis following myocardial infarction [254]. The advantage is 

hereby that photobleaching and phototoxicity effects are avoided. 

Besides the two alternative techniques explained here, numerous other microscopy 

techniques have been developed and applied to biological research over the last 

decades, like super-resolution microscopes [247]. However, their use is often 

restricted to advanced imaging and research facilities [246]. The focus of this thesis 

is therefore on the more commonly available equipment and techniques. 

 

 

 

 

 

 

Figure 3-15: Perrin-Jablonski Diagram of multiphoton imaging. Multiphoton 
fluorescence imaging relies on two simultaneously delivered NIR signals (1) that excite the 
fluorescence probe to the transition stage. After vibrational relaxation (2) a longer 
wavelength photon is emitted (3). Second harmonic generation visualises non-
centrosymmetric structures like collagen without fluorescence labelling. These structures 
return the incoming light (1) at exactly half the incoming wavelength (2).  
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3.7.3.3. Introduction to fluorescent stains and autofluorescence 

To introduce fluorescence to a sample, it is stained with naturally fluorescence 

proteins or synthetic dyes that attach to a molecule of interest. By targeting 

combinations of excitation and emission wavelengths specific to the dye of choice, 

structures and biological processes within the sample can be visualised. 

However, samples also commonly display natural fluorescence behaviour, also 

known as autofluorescence. These signals can arise from endogenous or exogenous 

sources, like red blood cells, collagen in the extracellular matrix, or formaldehyde 

fixation. The majority of samples respond to short wavelength stimulation, leading to 

blue or green emissions [255]. Indeed, skeletal muscle tissue reportedly fluoresces 

strongly in the green spectrum [256]. The resulting non-specific background might 

interfere with the fluorescence signal of interest, making analysis difficult.  

Unfortunately, autofluorescence is difficult to prevent. Potential options include 

chemical quenching, i.e. with Sudan Black B staining [257ï259], and photobleaching 

[258], where the sample is exposed to high irradiation to degrade the fluorescence 

structures. However, ideally, spectral overlaps between the fluorescent stain and 

autofluorescence of the sample should be avoided by careful choice of the fluorescent 

stain. 

3.7.3.4. Fluorescent staining in pressure injury research 

In pressure injury research, fluorescent staining has so far been used mainly for live-

cell imaging (Table 3-2). Propidium iodide (PI) is thereby a popular stain. It penetrates 

cells with increased membrane permeability and binds to the DNA, making it a useful 

marker for necrosis. With increased cellular permeability being a major injury 

mechanism in DTI development [154, 156], membrane impermeable dyes in general 

are the most relevant type of live/dead stain for pressure injury research. The staining 

process is performed on live cells or BAM and can be viewed under a confocal 

microscope without further processing.  

3.7.3.5. Fluorescence imaging for skeletal muscle damage 

Outside of the field of pressure injury research, fixable viability stains have been used. 

During the fixation process, common fluorescent stains might be quenched by the 

chemicals in use. Fixation also makes cell membranes permeable, potentially causing 
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cross-over of dyes to previously intact cells. Fixable stains have been developed to 

avoid those issues. They bind covalently to the structures of interest, which allows 

them to be preserved beyond fixation.  

A common family of fixable stains used in skeletal muscle research is Procion dyes. 

Originally a fabric dye, Procion orange is the most popular one. It has a low molecular 

weight and accumulates in the cytosol of structurally compromised cells. Hence, 

Procion orange has been used to visualise sarcolemmal damage following exercise 

or myopathic disease [229, 230, 260ï265]. The stain can either be administered 

intravenously to an in vivo animal model [266], or the muscle sample is submerged in 

it before fixation [263, 264, 267]. Tissue slices can then be assessed under an 

epifluorescence microscope. 

Another type of fixable stain are amine-reactive dyes. Intracellular proteins have free 

amines that these membrane impermeable stains bond to in damaged cells. The 

stains are available from a range of suppliers, including Alexa Fluor Dyes 

(ThermoFisher), Live-or-Dye (Biotium), and Zombie Dyes (BioLegend). Zombie for 

example has been used to detect dead cells from skeletal muscle cell suspensions 

and in myotubes [268ï270]. 

Besides fixable stains, Evans blue is commonly used in skeletal muscle research. 

This membrane impermeable stain is not chemically fixable but compatible with 

cryofixation [271]. Like Procion dyes, it can either be injected [271ï273] or samples 

submerged in Evans blue solution to label injured myofibers [271]. The stain thereby 

binds to albumin and can enter membrane-impaired cells [274]. Once stained, the 

tissue can either be homogenised (mechanical and/or chemical separation of tissue 

into cells in solution) and analysed on a microplate reader [271, 272], or cryosectioned 

to image with an epifluorescence microscope [271ï273]. 

Overall, many live/dead stains are available. The choice of a suitable one depends 

on the working principle, the available equipment, and favoured administration and 

processing techniques. The resulting quantitative cell death measurements are 

particularly valuable in comparative studies. 

3.8. Chapter summary 

This chapter covered the basic anatomy, physiology, and biomechanics of skeletal 

muscle. On this foundation, the most common techniques to define threshold levels 
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in prosthetic and pressure injury research were discussed, ranging from clinical over 

physiological to imaging-based and functional studies. A few difficulties with research 

on mechanical loading of soft tissues emerged in the process: quantifying processes 

in the largely inaccessible deep muscle tissue; clearly distinguishing overlapping 

physiological processes; drawing generally valid conclusions from parametric studies; 

and relating laboratory results to the clinical environment, to name a few. 

Nevertheless, each study contributed to improve our understanding of DTI 

development. 

Another point deserving attention is that the majority of the literature came from a 

pressure injury context. Mechanobiological research in general seems to be a largely 

unknown approach in prosthetics and orthotics, which is surprising, considering the 

unavoidable impact of mechanical loads on soft tissues during gait. As established 

over the last two chapters, current techniques to assess prosthetic fit seem 

insufficient; be it pressure-pain thresholds, which are subjective and mechanically and 

biologically inconclusive, or interface pressure measurements that overlook the effect 

of deep tissue deformation. This might be one reason neither technique is routinely 

used in a clinical environment. Instead, clinical expertise and experience are still the 

major drivers in socket design. However, by applying pressure injury methods and 

ways of tissue analysis to the prosthetic context, a deeper understanding and 

therefore a more scientific way to assess socket fit could be created that can 

complement current clinical practice.  

3.9. Research hypothesis and objectives 

The work described in this thesis focuses on investigating and comparing the tissue 

response of skeletal muscle to static and cyclic loading related to transtibial prosthetic 

use. The following hypothesis was thereby proposed: 

Cyclic loading scenarios are more damaging to skeletal muscle tissue  

than static loading  

Considering the large impact of direct deformation on muscle health, the assessment 

of the structural integrity of myofibers was at the forefront of this project. By starting 

from the cell and tissue level, fundamental research questions on the behaviour of 

skeletal muscle on the micro-scale can be answered before being up-scaled to the 

meso- and macro-scale. The newly gained insights might make it worth revisiting 
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existing studies, some of which have been described in Chapter 2. Additionally, the 

results can inform future clinical studies and hopefully be ultimately translated into the 

clinical context and the ongoing process of digitalisation to improve prosthetic socket 

design. 

Based on the research hypothesis, a number of objectives were identified to achieve 

the aim of investigating the influence of prosthesis-related loading on skeletal muscle 

health, which are discussed over the next chapters. 

Objective 1: Designing an experimental setup with the potential to quantify 

cellular damage to skeletal muscle following mechanical loading representative 

of prosthetic use. (Chapter 4) 

To test the influence of prosthesis-related loading on skeletal muscle, experimental 

work was needed. With direct deformation as main cause for mechanically induced 

soft tissue damage [25, 56], the experimental setup should replicate typical loading 

scenarios and allow to measure deformation-induced cell and tissue damage. Several 

model systems have been proposed in the past [33, 198, 228, 233]. By reviewing the 

benefits and limitations of each approach, a suitable model will be found and adapted 

to allow for a flexible loading setup, including static as well as dynamic scenarios. 

Subsequently, different processing, staining, and imaging methods will be tested to 

quantify sarcolemmal damage.  

Objective 2: Developing a robust microscopic setup and image analysis 

workflow to quantify sarcolemmal damage within the skeletal muscle model. 

(Chapter 5) 

With the experimental setup in place, important questions about sample size and data 

management will be answered. Additionally, image acquisition parameters for the 

microscope will be optimised for the samples and stain in use. Once these settings 

are in place, a robust analysis workflow will be developed and validated. 

Objective 3: Replicating the experimental setup in computational models to 

estimate the loading conditions throughout the samples. (Chapter 6) 

While the mechanical loads at the sample interface are easy to determine and control, 

internal loading conditions might differ and are difficult to detect. With computational 

modelling, stresses and strains can be predicted more easily. Hence, FE models will 



- 73 - 
 

be developed to analyse the mechanical environment within the samples during static 

and dynamic mechanical testing. 

Objective 4: Validating the experimental setup and analysis process for a static 

loading scenario. (Chapter 7) 

To validate the experimental setup and analysis workflow, a static compressive 

stress-cell death threshold will be established. The direct stress and duration times 

will be based on a similar study by Linder-Ganz et al. [34], who applied load to murine 

skeletal muscle in vivo with a different staining and image analysis protocol. The study 

will be supported by computational modelling with the previously developed FE model 

to estimate the internal loading conditions in relation to the direct stress application. 

The resulting stress-cell death threshold curve will be compared to Linder-Ganz et 

al.ôs and other studies for validation.  

Objective 5: Quantifying sarcolemmal damage in skeletal muscle in response 

to static and dynamic loading. (Chapter 8) 

Currently, there is a gap in information on the skeletal muscle response to prosthesis-

specific loading conditions [39]. The developed experimental setup will be used to 

quantify and compare cellular damage across three loading scenarios mimicking daily 

activities in the life of a prosthetic user:  

(1) standing or sitting, i.e. static loading 

(2) walking, i.e. low frequency dynamic loading, and  

(3) running, i.e. high frequency dynamic loading.  

The mechanical integrity of skeletal muscle cells following each loading protocol will 

be evaluated with the developed imaging analysis workflow and compared between 

each group. This will help to determine in how far each scenario might contribute to 

muscular damage development in prosthetic users. 

Following the experimental studies, Chapter 9 will explore potential alternative 

methodologies for future work. An overall summary, discussion, and conclusion of this 

project can be found in Chapter 10.  



- 74 - 
 

4 CHAPTER 4  

 

Development of a method to measure cell death in 

skeletal muscle tissue following transverse mechanical 

loading 

 

This chapter summarises the preliminary experiments for designing an experimental 

setup with the potential to quantify cellular damage in skeletal muscle following 

transverse mechanical loading representative of prosthetic use (Objective 1). 

The ideas for the study were conceived by the author and Dr. Arjan Buis. Tissue 

collection and preparation were conducted by the author with initial advice and 

support from Dr. Mairi Sandison. Tissue staining, processing, and standard light 

microscopy were also performed by the author. Spectral analyses of the tissue and 

dyes was completed by Dr. Alastair Wark who also introduced the author to mapped 

epifluorescence imaging. For mechanically induced damage, the author designed 

static loading rigs which were 3D printed by Dr. Buis.   
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4.1. Introduction to biological analysis of pressure injury 

4.1.1. Model system for the analysis of cell death after 

prosthesis-related loading 

Human studies are often a crucial part of (bio)medical research. Similarly, the effect 

of prosthesis-loading on the soft tissues of the residuum would ideally be assessed 

with human participants. However, ethical hurdles for human studies are high and a 

well-established scientific basis is necessary to earn approval. Researchers therefore 

often use model systems in a first instance, which can provide the basis for further 

clinical investigations.  

In the past, numerous model systems have been proposed for pressure injury 

research. They can be divided into in vitro and in vivo models, as discussed in ñ3.6 

Skeletal muscle models for mechanical stress studiesò. In vitro models range from 

single cell studies to bioartificial constructs, which are characterised by a great 

controllability of the test environment but at the cost of a less realistic representation 

of real-life conditions. In vivo models are the opposite; experimenting with living 

organisms replicates the real-life scenario but at the expense of a variable 

environment. Ex vivo models lie in between, allowing both a lifelike environment and 

controllability up to a degree. While these types of models cannot be found in pressure 

injury research, they are commonly used in mechanobiological research on skeletal 

muscle in other areas like myopathic research. 

To decide on the most suitable approach for this project, a multi-criteria decision 

analysis was performed (Table 4-1). Single cells, bioartificial muscles (BAM), ex vivo 

tissue, and in vivo experiments were rated based on six weighted criteria. These are, 

from most to least important:  

(1) The representation of the morphology and physiology of skeletal 

muscle, i.e. its hierarchical structure, functionality, and connection to supply 

systems; this is important for a realistic response to deformation. 

(2) The controllability of the damage mechanism, i.e. the ease to separate the 

cell response to direct deformation from other factors like ischemia; this is 

important for drawing conclusions on structural damage as an individual 

aetiological parameter for soft tissue damage. 
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(3) The feasibility of sample preparation and testing, i.e. the availability of 

equipment and expertise, as well as the effort needed to prepare the 

experimental setup; this is important to ensure the chosen experimental model 

and method are viable. 

(4) Fulfilment of 3Rs and ease of ethical procedures, i.e. consideration of 

replacement, reduction, refinement as well as the potential need for ethics 

applications; this is important to ensure a balance between ethical approval 

and the resources needed for potential applications. 

(5) Low cost, i.e. expenses for specimen, equipment, and consumables; this is 

important as the budget for this project was limited. 

(6) Low variability, i.e. introduced by environmental factors or from natural 

biological variability; this is important to obtain meaningful, significant results. 

Based on these six criteria, an ex vivo approach appeared to be most suitable for this 

project when weighted against the characteristics of in vitro, ex vivo, and in vivo 

models (Table 4-1, Appendix C). In addition to the explained criteria, an ex vivo setup 

allows for static and dynamic testing as well as different combinations of compression, 

tension, and shear. An ex vivo model is therefore easily adaptable not only for this 

study but also future research. A wide range of processing and imaging techniques 

are also available that can provide information from the sub-cellular to the tissue 

scale. 
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Table 4-1: Multi-criteria decision analysis of possible pressure injury models. Criteria selection and weighting (out of 100%) was adjusted to the 

proposed research question and anticipated experimental procedure; key for the scoring system of 1 - 4 for each criterion was chosen as follows: 1 = 

insufficient realisation of criterion, 2 = sufficient realisation of criterion, 3 = strong realisation of criterion, 4 = optimal realisation of criterion; the total for 

each criterion and model system was obtained through multiplication of the weight of the criterion with the value assigned to the model system; the 

model with the highest overall score is deemed most suitable for this study. A detailed description of how the scores were assigned can be found in 

Appendix C. 

   Single Cells BAM 
Ex vivo 
studies 

In vivo 
studies 

Criteria Example Weight Value Total Value Total Value Total Value Total 

Representation of true 
morphology and physiology 

Hierarchical structure, 
functionality, blood and lymphatic 
support of skeletal muscle 

0,30 1 0,30 2 0,60 3 0,90 4 1,20 

Controllability of damage 
mechanisms 

Separation of deformation-related 
damage from other factors 

0,20 3 0,60 3 0,60 2 0,40 1 0,20 

Feasibility of preparation 
and testing 

Availability of equipment, training, 
and expertise 

0,20 3 0,60 2 0,40 3 0,60 3 0,60 

Fulfilment of 3Rs and ease 
of ethical procedures 

3Rs: Replacement, Reduction, 
Refinement; Ethics application 
and home office licensing 

0,15 4 0,60 4 0,60 3 0,45 1 0,15 

Low cost 
Expenses for specimen, 
equipment, consumables 

0,10 3 0,30 2 0,20 3 0,30 2 0,20 

Low variability 
Environment and inter-subject 
variability 

0,05 4 0,20 4 0,20 2 0,10 1 0,05 

Total   100%   2,6   2,6   2,75   2,4 
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4.1.2. Preliminary studies to visualise cell damage: live-cell 

imaging, histology, and fluorescence imaging 

From the literature discussed in ñ3.7 Ways of detecting cell damageò, optical imaging 

appeared to be the method of choice to identify sarcolemmal damage in model 

systems. Based on existing mechanobiological research on skeletal muscle health, 

three different imaging streams were explored (Figure 4-1). Live-cell imaging, basic 

histology, and fluorescence-based histology. For successful quantification of 

sarcolemmal damage, the sample type, the working principle of the stains, the 

processing steps, and the microscopic visualisation need to be considered. 

Accordingly, a series of preliminary studies was proposed: 

(1) Live-cell imaging with Propidium Iodide 

(2) Histology with Haematoxylin and Eosin 

(3) Spectral analysis of fluorescent stains and autofluorescence signal 

(4) Fixed-cell imaging with membrane impermeable dyes as indication for 

sarcolemmal damage and therefore cell death 

 Figure 4-1: Methodological streams explored in preliminary studies. 
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4.2. Aims and objectives of ex vivo model development 

Based on the decision on an ex vivo model system, several preliminary studies were 

conducted to define a method to detect and quantify cell damage from transverse 

mechanical loading. The focus was on an optical imaging-based method, which is 

widely used in pressure injury and skeletal muscle research. The objectives of these 

studies were to:  

(1) assess suitable environmental conditions for ex vivo skeletal muscle 

experiments  

(2) test appropriate tissue processing protocols 

(3) identify a stain or dye to visualise cellular damage 

(4) define suitable optical imaging techniques  

The materials and protocols that apply to most of the ex vivo experiments are 

described first before the specifics of each preliminary experiment (Figure 4-1) and 

the results are discussed. By the end, a procedure for a new ex vivo pressure injury 

model was established to study soft tissue damage in skeletal muscle. The full 

description can be found in Appendix D. 

4.3. General materials and methods for ex vivo experiments 

4.3.1. Materials and solutions for ex vivo experiments 

All experiments were performed on ex vivo tissue. The muscles were submerged in 

physiological buffer to keep them alive during the experiments. A MOPS-based buffer 

solution was prepared from 145 mM sodium chloride, 2mM MOPS, 4.7mM potassium 

chloride, 1.2mM monosodium phosphate, 1.2mM magnesium chloride, 5mM glucose, 

0.2mM EDTA, 2mM sodium pyruvate, and 2mM calcium chloride, all acquired from 

Sigma Aldrich, St. Louis, and adjusted to pH 7.4 (Appendix D-2).  

For basic as well as fluorescence-based histology, tissues were fixed in 10% neutral 

buffered formalin (NBF, Sigma Aldrich). For additional storage as well as further 

processing, Ethanol (EtOH, Fisher Scientific) was purchased, together with Histoclear 

(National Diagnostics), Paraffin (Raymond Fisher Scientific), and wax for embedding 

(BDH Laboratory Supplies Paramat). Other materials needed for processing and 

mounting included histology cassettes (Simport Scientific), microscope slides and 
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coverslips (Thermo Scientific), and DPX mountant (Sigma Aldrich). For staining, the 

following materials were purchased: Propidium Iodide (PI, Thermofisher) for live-cell 

staining; Harrisô Haematoxylin, Acid Alcohol, and Eosin Y (Sigma Aldrich, St. Louis) 

for basic histology; and Live-or-DyeÊ (Biotium) and Procion Yellow MX4R (Sigma 

Aldrich, St. Louis) for fluorescence-based histology. 

4.3.2. Collection and preparation of murine skeletal muscle 

tissue 

The soleus (SOL) and extensor digitorum longus (EDL) muscles were isolated from 

the hindlimbs of 6 ï 7 weeks old male Sprague-Dawley rats (Appendix D-4) within an 

hour of euthanisation with an intraperitoneal overdose of sodium pentobarbital 

(200mg/kg). Both muscles are easy to access and dissect, have a similar size, and a 

low pennation angle [275]. With a low pennation angle, it is easy to achieve a 

consistent direction of mechanical loading in relation to the fibre orientation and to 

produce cross-sectional muscle slices for microscopy.  

The muscles had an average mass of 0.11g (SOL) and 0.12g (EDL). Their cross-

sectional diameter was approximately 2mm. According to Barclay et al. [276], oxygen 

diffusion in resting isolated skeletal muscle in rats can reach a radius of 1.5mm at 

ambient temperature. Both SOL and EDL would be small enough for sufficient oxygen 

supply across the full muscle when superfused with an oxygenated bathing solution, 

which minimises the risk of anoxia.  

Following dissection, the muscles were pinned out in Petri dishes covered with 

medical grade silicon. This prevented fibre distortion from involuntary contractions 

that was otherwise observed. To enhance the viability of excised muscle tissue during 

the experiment, it was submerged in MOPS-based buffer solution and kept at ambient 

temperature (22°C). Researchers found that at this temperature, the metabolic 

demand of skeletal muscle is lower, functionality is preserved, and the risk of hypoxic 

damage in the central areas is minimised compared to physiological temperatures 

(37°C) [276, 277]. Nevertheless, experimental procedures should not exceed four 

hours to avoid ischaemic damage and rigor mortis [236ï239]. 

All experiments were in line with the ethical guidelines of the Biological Procedures 

Unit at the University of Strathclyde. The 3R principles of replacement, reduction, and 

refinement [278] were followed wherever possible. Partial replacement was ensured 
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by using tissues taken from animals without conducting previous scientific 

experiments that could cause suffering. Reduction was also achieved by taking tissue 

from rats that have been assigned for other non-muscle-based research and by using 

four muscles per animal to minimise the number of animals. Additionally, for all 

indentation experiments, each muscle was divided into indentation and control areas 

(outside of indentation zone), which were analysed separately. 

4.3.3. Mechanical loading setup 

To inflict mechanical damage to skeletal muscle, an indenter was lowered onto the 

pinned-out samples with a custom rig. The first rig was constructed from components 

sourced in-house (as described in Figure 4-2). To increase the throughput of 

samples, a second design was developed with CAD software (Solidworks 2019) for 

3D printing (Figure 4-3). Unlike the first prototype, this design was reproducible and 

easily customisable. The steel indenter attached to it had a flat shape with a diameter 

of 2mm and mass of 11g to deliver a compressive stress of at least 30kPa to the 

muscle. This is equal to the direct stress resulting in cellular damage after static 

compression for 30min [34]. Added load up to 60g was applied by adding mass on 

top of the indenter.  

(c

(a (b

Figure 4-2: Pre-fabricated experimental setup. (a) Schematic drawing of static 
loading device, consisting of plastic tubing (grey), plastic plunger (white), and flat-ended 
round indenter (r = 1mm, black) fabricated from standard rod. The construction fits onto 
a standard 35mm cell culture dish (light blue) that had a thin silicone ring (dark blue) 
glued to the bottom to facilitate pinning of the muscle sample. (b) static loading device 
indenting isolated skeletal muscle. (c) Petri dish with silicon ring for fixation of specimen. 
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Initial experiments highlighted the need to demark the indentation site; otherwise, a 

clear identification of the mechanically loaded area and therefore its analysis were 

nearly impossible, especially when only minor damage was inflicted. In literature, 

different ways have been described to mark histological samples. Unlike Patil et al. 

[279], we found that applying acrylic colour to the outside of the muscle in the 

indentation area led to smudging when submerged in solutions for further processing. 

India ink (Farber Castel) was used instead to demark the indentation site [280], 

making it clearly distinguishable after fixation.  

4.3.4. Tissue processing through formalin fixation and paraffin 

embedding 

Basic as well as fluorescence-based histology require further tissue processing in 

preparation for microscopy. Generally, histology is more compatible with formalin 

fixation and paraffin embedding (FFPE) than cryosectioning (cutting of frozen tissue). 

Cryosectioning can lead to freezing artefacts that distort the morphological structure 

of the tissue and therefore skew histological results. Equipment for cryosectioning 

was also not readily available at the University. Hence, the following paragraphs 

describe the FFPE process established for this project (Figure 4-4). 

static loading rig 

with plunger

rod with 

indenter

petri dish with 

silicon cover

(a)

(b)

(c)

Figure 4-3: 3D-printed experimental setup.  (a) CAD model of static loading device 
that allows for reproducible 3D printing and customisation. Consists of 3D-printed 
loading rig with plunger that has steel rod with flat-ended round indenter attached to it (r 
= 1mm). The construct fits on top of a standard 100mm Petri dish that was filled with 
medical-grade silicone to facilitate pinning of muscle specimen and prevent slipping of 
the sample. (b) Rendering of static loading device. (c) 3D-printed static loading setup. 
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Figure 4-4: Formalin fixation and paraffin embedding of isolated murine skeletal 
muscles. This process followed a transverse mechanical indentation experiment. The 
protocol of fixation, grossing, processing, embedding, cutting, and mounting was followed for 
both mechanically damaged samples (as illustrated, indicated by the black marked indentation 
area) as well as control samples from the periphery of the same muscle.  

For FFPE, tissues were fixed in 10% NBF for 28h and stored in 70% EtOH if 

immediate processing was not possible, before being grossed. To section transverse 

slices, the mechanically damaged area was cut with a scalpel into two halves of 

approximately 3mm width. The samples were processed overnight (Thermo Shandon 

Citadel 1000) in graded alcohol, Histoclear and Paraffin. A detailed processing 

scheme has been provided in Appendix D-5. 

The tissues were then embedded in wax and cut into 3-4ɛm thick cross-sectional 

slices on a microtome (Leica RM2125RTF). Three slices were preserved at 

approximately every 120ɛm. This process was repeated six times for each block to 

ensure that for mechanically damaged samples, the majority of the 2mm indentation 

area was recorded (Figure 4-5). In addition to the preparation of cross-sectional 

slices, several muscles were processed as a whole and embedded for longitudinal 

cutting with identical parameters.  

Following cutting, the slices were added to a water bath (Electrothermal, Essex) at 

35°C to flatten before being picked up on glass slides, dried overnight at ambient 

temperature and for up to 1h at 60°C (drying oven, Scientific Laboratory Supplies 

Ltd.). Samples were then either stained or directly mounted with DPX. 
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Figure 4-5: Schematic of cross-sectional cutting of mechanically damaged skeletal 
muscle. The indentation site is marked with India ink and grossed into two parts. Each was 
cut into 4µm slices with a microtome. Every 30th as well as the two following slices were 
mounted for microscopy. 

4.3.5. Microscopic imaging 

Fluorescently stained samples were imaged on a Leica SP8 system. The system 

consisted of a Leica DMi8 inverted microscope with 10x objective as well as a Leica 

DFC7000T DDC camera (4.54 µm pixels). Mounted tissue sections were imaged in 

widefield mode with the LASX software (Leica Application Suite X V.3.1.5.16308) to 

enable mapping of the full cross-section. A detailed description of the microscopic 

equipment is provided in ñ5.3.1  Imaging equipment and technique in useò. 

Basic histology samples were imaged either with a Carl Zeiss microscope (Axioimager 

Z1) at 10x and 20x magnification or a Motic BA210 (with Moticam 10+ Camera and 

Motic images plus 3.0 software) at 10x, 40x, and 100x magnification. All images were 

analysed qualitatively with Zen 3.1 (Carl Zeiss) and FIJI/ImageJ (Vers. 1.53s, NIH). 

4.4. Live-cell imaging to detect cell death in ex vivo skeletal 

muscle samples 

Depth limitations of standard confocal microscopy can be a hinderance for imaging 

thick samples like whole skeletal muscle tissue (s. ñ3.7.3.2 Equipment for 

fluorescence microscopyò). Nevertheless, this setup, similar to Gefen et al.ôs study on 

BAM [33], was tested to get an indication for the penetration depth of the confocal 

microscope and its ability to identify Propidium Iodide (PI)-positive cells in mature 
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skeletal muscle tissue. PI penetrates cells with increased membrane permeability and 

binds to the DNA, making it a marker for necrosis. 

4.4.1. Method for live-cell imaging with Propidium Iodide 

To investigate the feasibility of confocal live-cell imaging, n = 1 SOL and n = 1 EDL 

muscle were isolated and stored in MOPS-based buffer for 21h at 5°C. Next, the 

samples were submerged in PI (1mg/mL) for 10min before being washed 3 x 5min in 

phosphate buffered saline (PBS) prior to imaging. No further processing like FFPE 

was needed for live-cell imaging. The Leica SP8 system was used in confocal imaging 

mode (ñ4.3.5 Microscopic imagingò) with excitation and emission wavelengths set to 

535/617nm respectively. The 10x objective scanned each sample with a step size of 

5µm until no signal was detected.  

4.4.2. Suitability of Propidium Iodide to detect cell death ex vivo 

Skeletal muscle tissue has a high metabolic demand that is heavily reliant on the 

availability of oxygen and nutrients. When storing the muscle samples for 21h without 

this supply, high cell death rates can be expected. Accordingly, PI-positive cells were 

visible in the outer layers of the muscle tissue (Figure 4-6). However, the stain could 

only be detected to a maximum depth of 100ɛm in this inverse confocal microscopic 

setup, which is equivalent to 5% of the overall muscle thickness, making it insufficient 

for full muscle analysis. 

The limited detection depth can be explained by the high scattering effects of native 

tissue, which in turn reduces the penetration depth of light [281]. To overcome this 

issue, advanced microscopes like a Mesolens [282], or techniques such as optical 

tissue clearing [281] could be employed. Both concepts were trialled in additional 

preliminary studies, which are discussed in Chapter 9. However, these approaches 

have only limited compatibility with PI staining. 

Based on the results of this preliminary study, PI was unsuitable to quantify cell death 

in mature skeletal muscle tissue. Its detection was restricted to superficial layers, 

making it impossible to assess the full extent of the damage. PI staining also requires 

timely imaging of samples, which presents additional logistical restrictions in terms of 

equipment location. An alternative staining procedure was therefore needed. 

b 
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4.5. Assessment of the ex vivo experimental setup with basic 

histology  

Histology is the gold standard for tissue imaging in many laboratories. It was the 

method of choice to examine the experimental setup, including the dissection process 

and storage of tissues in buffer solution. Samples were processed with FFPE and 

stained with Haematoxylin and Eosin (H&E). Qualitative analysis of mechanically 

damaged tissue was also performed as a first indication for successful mechanical 

indentation. 

4.5.1. Method for Haematoxylin and Eosin staining 

First, the suitability of MOPS buffer for skeletal muscle storage was tested. Skeletal 

muscle samples were isolated from Sprague-Dawley rats and either directly fixed and 

processed via FFPE (n = 6) or stored in MOPS for 3h at 22°C prior to processing (n 

= 5) for comparison.  

Additionally, n = 9 muscles (n = 5 EDL, n = 4 SOL) were mechanically damaged 

through transverse indentation (s. ñ4.3.3 Mechanical loading ò) with a force of 11 ï 

Figure 4-6: Propidium Iodide staining of skeletal muscle tissue. EDL and SOL muscles 
of Sprague Dawley rats were isolated and stored in MOPS buffer at 5°C for 21h without 
oxygenation to induce cell death. Nuclear damage was visualised through confocal imaging 
of PI staining, represented by light spots. a) Some nuclei appear in parallel longitudinal 
alignment indicated by alignment of white arrows. This is typical for skeletal muscle where 
nuclei are usually located in the periphery of muscle fibres. b) In most areas no clear pattern 
in nuclei distribution was visible as nuclei become centrally located within damaged fibres. 
Both images were taken at a depth of 40ɛm, representative of n = 2 samples. 

a b 
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60N. Muscles from the contralateral limb served as negative controls (n = 9). They 

were held in the same conditions for the same time but without any load application.  

All samples were processed according to the general FFPE protocol (s. ñ4.3.4 Tissue 

processing through formalin fixation and paraffin embeddingò). Once the tissue slices 

were dried onto microscope slides, a standard H&E protocol was followed to visualise 

the microanatomy of the tissues (Appendix D-6). The samples were submerged in a 

series of Histoclear, graded EtOH, Harrisô Haematoxylin, tab water, Acid Alcohol, and 

Eosin Y. Once stained, the samples were mounted with DPX. The prepared slides 

were then imaged with the Axioimager Z1 and a Motic BA210 as described in ñ4.3.5 

Microscopic imagingò. 

4.5.2.  Suitability of skeletal muscle storage in MOPS-based 

buffer solution 

The cross-sectional view of both control group and directly processed muscles 

displayed the typical polygonal appearance of skeletal muscle cells for most samples 

(Figure 4-8a). Only few interstitial spaces were present, and nuclei were placed 

peripherally. Staining intensity was uniform across the samples. In some samples, 

peripheral cells displayed signs of damage, including increased interstitial spaces and 

rounded morphologies (Figure 4-8b). This damage might be the result of chemical 

fixation [283], or was introduced during the dissection process. While minor fixation 

damage is unavoidable, great care should be taken during sample collection and 

handling. If samples are obviously damaged during any stage of handling, they should 

be excluded from analysis to avoid bias. Nevertheless, it is expected that damage 

introduced by the experimenter would reduce with increasing experience. 

Compared with control samples, small areas with minor cell damage were visible in 

the samples stored in MOPS solution for 3h. The damage was marked by increased 

interstitial spaces, varying cell size and staining intensity, rounded morphologies, and 

centralised nuclei (Figure 4-7).  
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Figure 4-7: Representative images of 
skeletal muscle tissue after 3h storage in 
MOPS buffer (cross-sectional view).   
Samples were taken from Sprague-Dawley 
rats and stored in MOPS buffer for 3h before 
fixation, processing, and staining with H&E. 
(a) angular cell morphology and intensely 
stained, rounded cell with centralised 
nucleus (white arrow) marking severe cell 
damage; (b) rounded cell morphology, 
swelling, irregular staining and increased 
interstitial space; (c) varying cell size and 
shape (black marking), increased interstitial 
space. 

(a)

(c) 

(b) 

Figure 4-8: Representative cross-sectional view of negative control samples of 
skeletal muscle tissue. Samples were taken from Sprague-Dawley rats, directly fixed, 
processed, and stained with H&E. (a) cross-sectional view of healthy, densely packed 
muscle fibres with polygonal shape. (b) outer edges of control tissue with damaged, 
swollen fibres, irregular cell shapes, higher staining intensity, and increased interstitial 
spaces.  

a 
b 
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Looking at control samples in a longitudinal view, cross-striation was visible as well 

as the structural arrangement of cells in long fibres with peripheral nuclei (Figure 

4-10). These arrangements were sometimes disorganised in MOPS-stored samples 

(Figure 4-9), especially when the samples were not pinned out to prevent involuntary 

contractions. Additionally, striation was partially lost and structural damage apparent. 

Some fibres also showed signs of swelling and multiple internal nuclei. 

Figure 4-10: Representative longitudinal view of control tissue. Samples were taken 
from Sprague-Dawley rats, directly fixed, processed, and stained with H&E. (a) Skeletal 
muscle fibres in dense, parallel arrangements with only few interstitial spaces; arrow 
indicates area of fibre damage with increased number of nuclei in centralised location. (b) 
Skeletal muscle fibres with most nuclei located peripherally; arrow indicates areas with 
increased interstitial spaces.  

(a) (b) 

(a) (b) 

Figure 4-9: Representative images of 
skeletal muscle tissue after 3h storage in 
MOPS buffer (longitudinal view).  
Samples were taken from Sprague-Dawley 
rats and stored in MOPS buffer for 3h before 
fixation, processing, and staining with H&E. 
(a) swollen fibres (compare length of 
double-headed arrows indicating fibre cross 
section), increased interstitial space and 
accumulation of nuclei (b) loss of cross 
striation and wavey structure (white arrows) 
(c) fibres appear disorganised, contracted, 
and disrupted, with increased interstitial 
spaces. 

(c) 
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In both cross-sections and longitudinal sections of the 3h MOPS group, minor damage 

was observed compared to the freshly fixed samples. A possible explanation is the 

missing oxygenation of the buffer solution. While it is common practice for ex vivo 

experiments to integrate oxygenation into the setup, limited equipment availability and 

added cost made it unachievable for this project. To minimise the potential influence 

of storage-related cell death on the mechanical cell death measurements, comparison 

of each intervention group with a control that was kept in identical environmental 

conditions was paramount. In the following experiments, each sample was physically 

divided after the intervention: areas at the indentation site were allocated to the 

ñinterventionò group; untouched areas in the periphery served as control. This way, 

not only environmental influences on each sample were captured but it also reduced 

the number of samples needed.  

  

4.5.3.  Basic histological assessment of cellular damage in 

mechanically indented skeletal muscle tissue 

In mechanically damaged samples, the indentation site was clearly distinguishable 

(Figure 4-11). In longitudinal slides, uneven staining, inflammatory cell infiltration and 

swelling of damaged fibres was visible. For cross-sections, tissue damage could be 

identified through uneven staining, increased interstitial spaces, and varying cell sizes 

and shapes. Notably, the majority of the tissue damage was located close to and 

opposite to the indentation site whilst the middle regions of the muscle seemed intact. 

This is congruent with other studies that reported a damage propagation away from 

the loaded region [198, 199].  

Some cross-sectional slices also had a concavity formed at the surface. The 

permanent deformation coincided with visible India ink marking, indicating the 

indentation site. This concavity might interfere with longitudinal cutting of the surface 

area of muscle samples, leading to holes. Cross-sectional rather than longitudinal 

sectioning might therefore be more suitable to capture the full extent of cellular 

damage within a sample. 

 

 

 



- 91 - 
 

  

4.5.4. Artefacts from histological procedures 

Not all sections were suitable for analysis. Artefacts from microtoming included knife 

marks and scores (Figure 4-12). Incorrect mounting resulted in folds, air bubbles and 

air-drying of some samples. Great care must therefore be taken during the cutting and 

mounting steps to produce high-quality slices, i.e. by ensuring correct fixation of the 

microtome blade, frequent changing of the blade to retain sharp edges, and careful 

handling and mounting of cut slices [284, 285].  

Trimming artefacts were also observed, most often in longitudinally mounted samples. 

Pre-processing might not be optimised for the slightly larger sample size compared 

with the small tissue pieces for cross-sectional cutting. Insufficient dehydration, 

clearing, or infiltration with wax can all influence the integrity of the tissue. Additionally, 

the effect of uneven sample embedding is more pronounced in longitudinal than 

transverse slices. Together with difficulties in visualising the spatial damage 

distribution in longitudinal sections (s. ñ4.5.3  Basic histological assessment of cellular 

Figure 4-11: Mechanically damaged 
skeletal muscle tissue. Samples 
were taken from Sprague-Dawley 
rats, transversely indented with up to 
60N, fixed, processed, and stained 
with H&E. Indentation site and 
direction marked by black arrow; 
discernible cellular deformation at the 
impact site as well as increased 
staining intensity and interstitial 
spaces; magnification of the bottom 
area highlights cellular swelling and 
fibre degeneration.  
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damage in mechanically indented skeletal muscle tissueò), cross-sectional slicing was 

favoured in future experiments.  

 

4.5.5. Summary of preliminary study on basic histology 

Histology is a gold standard method to analyse skeletal muscle samples and has been 

essential for establishing a robust experimental process. First, sample distortion from 

involuntary contractions could and should be avoided by pinning out the tissue 

samples once extracted [286]. Second, cross-sectional slicing made it easier to 

visualise the extent of cellular damage compared to longitudinal cutting. Although 

cross-sectional slicing largely avoids processing artefacts, great care must be taken 

when microtoming and mounting slices to prevent other artefacts. Last, sample 

storage in MOPS buffer seemed to keep skeletal muscle reasonably stable during 

experiments when the time frame was kept to 3h. However, the lack of oxygenation 

may introduce minor cell damage, which needs to be considered when analysing cell 

death rates after mechanical insult. To overcome this issue, areas outside of the 

indentation zone could be used as negative control group. Relative cell death 

measurements (i.e. difference between indentation zone and periphery) can then be 

Figure 4-12: Processing artefacts from 
formalin fixation and paraffin 
embedding as well as microtoming of 
skeletal muscle tissue. (a) trimming 
artefact leading to holes (b) cutting artefact 
leading to disrupted tissue bulk (c) air-
drying (black area) due to incorrect 
mounting.  

 

a b 

c 
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examined for standardisation when comparing samples across different loading 

durations.  

The presented lessons-learned were the result of qualitative analysis of histologically 

stained muscle samples. However, comparing the extent of cellular damage after 

different mechanical loading scenarios might be more difficult and at a higher risk of 

bias with a qualitative approach. Semi-quantitative analysis can reduce the risk for 

bias slightly by using scoring systems to classify samples according to the degree of 

damage [287]. Alternatively, automated algorithms can be deployed, which often rely 

on extensive machine learning [288]. To ensure the risk for bias is minimal without 

increasing the need for time and resource consuming machine learning, an alternative 

staining procedure was sought for this project. 

4.6. Spectral analysis of fluorescence signal of stains and 

skeletal muscle tissue 

For a more quantitative approach to assess cellular damage, two FFPE fixable, 

membrane impermeable, fluorescent stains were identified: Live-or-DyeÊ and 

Procion Yellow MX4R. Live-or-DyeÊ (LoD) is an amine-reactive dye that crosses the 

membrane of impaired cells and reacts with free amines in the cytoplasm. Procion 

Yellow MX4R, or ProY, is part of the family of Procion stains and binds irreversible to 

cytoplasmic components containing amines and hydroxyl in structurally compromised 

cells. 

Other labelling methods like immunohistochemistry (fluorescent or chromogenic 

labelling of antibodies) were omitted as they are generally more complex, expensive, 

and time consuming. They are also less compatible with FFPE processed tissue as 

antigens might be masked by protein cross-linking, requiring added processing steps. 

Sourcing the Procion stain proved to be difficult. In the majority of papers on skeletal 

muscle tissue, the procion stain in use is simply referred to as Procion Orange. 

However, multiple names exist that describe the same or similar stains, including 

Reactive Orange 14, Procion Yellow M4RS, Procion Yellow MX4R, Procion Orange 

MX2R, and Procion Red. This may be attributed to differences between suppliers 

[289], as well as changes in nomenclature [290]. According to Rost et al. [290], the 

first three on the list (Reactive Orange 14, Procion Yellow M4RS/MX4R) describe the 

same stain. On the contrary, the molecular structure of Procion Yellow MX4R 
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(C20H19ClN4Na2O11S3, MW 669.018) and Reactive Orange 14 

(C19H12Cl2N8O9S2, MW 631.4) appear to be different [291, 292]. Despite these 

ambiguities, the final decision was made to use Procion Yellow MX4R, which was 

readily available and has also been used to visualise sarcolemmal damage in the past 

[229, 230, 260ï262]. 

For the successful analysis of fluorescently stained tissue, the fluorescence properties 

of the samples as well as stains need to be known. Spectral information on LoD was 

readily available from the manufacturer but unavailable for ProY. The ambiguities 

around the ProY stain made spectral analysis of this stain necessary. The 

autofluorescence behaviour of skeletal muscle was characterised and discussed in 

relation to both fluorescent stains. 

4.6.1. Method for Spectrofluorometry 

To identify suitable filter settings for epifluorescence microscopy, spectrofluorometry 

of ProY was performed on a Cary Eclipse System (Agilent Technologies). The 

absorbance of the stain dissolved in water (0.2% wt) was measured as ratio of incident 

light intensity over emitted light intensity. Emission intensity was recorded in the range 

of 500-800nm for excitation wavelengths of 430nm, 480nm, 515nm, and 580nm.  

Autofluorescence signal was also quantified. Unstained EDL samples (n = 2 for 

repeated measure) were imaged with 10x magnification on the Leica SP8 system (s. 

ñ4.3.5 Microscopic imagingò). The microscope allows for slit-based emission 

wavelength detection. Images were recorded with 488nm excitation over an emission 

range of 500nm ï 735nm with 15nm increments. The images were imported to 

FIJI/ImageJ and randomly selected regions of interest (ROI) analysed to obtain the 

emission intensity.  

4.6.2. Spectral characteristics of skeletal muscle tissue and 

fluorescent stains 

To identify suitable microscopy settings for fluorescently stained samples, spectral 

analysis was performed. ProY solution had its absorption maximum at around 435nm. 

The strongest emission intensity was achieved with 480nm excitation and reached its 

maximum around 605nm (Figure 4-13a). From the filters available on the microscopic 
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system, the FITC filter was chosen for further imaging of ProY-stained slides, which 

has an excitation and emission bandwidth of 482/35nm ex and 536/40nm em.  

 

 

Figure 4-13: Absorbance and fluorescence emission spectrum of ProY and LoD. a) 
Absorption spectrum (grey) of ProY had its peak at 436nm. Spectrum is normalised to the 
maximum absorbance. The fluorescence emissions (orange) were recorded over different 
excitation wavelengths ɚex with the highest emission signal at ɚex = 480nm. The peak emission 
intensity was recorded at around 605nm. Spectra are normalised to the maximum emission 
intensity. b) Spectral information for LoD was obtained from [293]. Peak absorption (grey) and 
emission (red) are at 594nm and 614nm. 
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The results of the spectral analysis indicate that the autofluorescence signal (Figure 

4-14) and fluorescence of ProY might be interfering, potentially causing problems with 

identifying ProY-positive cells. LoD was identified as an alternative stain. It is available 

for a range of excitation/emission wavelengths. For this project, the stain with 

excitation/emission wavelengths of 594/614nm was chosen (Figure 4-13b), which 

has been validated for microscopical use. It was captured with a Y5 filter (Ex /60, DC 

660, Em 700/75). 

According to the spectral analysis, the Leica SP8 system used for this experiment had 

suitable filters available for both ProY- and LoD-stained samples. While the Y5 filter 

chosen for the LoD samples excluded the majority of the autofluorescence signal 

inherent to skeletal muscle tissue, the FITC filter was within the natural fluorescence 

range of the samples. Detection of mechanically damaged cells with ProY might 

therefore be difficult, yet not impossible. 

 

Figure 4-14: Average emission intensity spectrum of unstained skeletal muscle cross-
sections. Peak emission intensity values were observed at 534nm, 584nm and 650nm with 
an excitation of 488nm. Data is average of multiple ROI from two different samples. 
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4.6.3. Approaches to avoid autofluorescence 

During the imaging process, strong autofluorescence signal was detected, which 

could overlap potential signal from the ProY stain. The signal appeared mainly as 

green fluorescence and has been reported in other studies on skeletal muscle [256, 

294, 295]. It originates either from endogenous fluorophores like lipofuscin [66, 67], 

NADPH [255, 296, 297], NADH [256], myoglobin [298], and flavin [256, 297], or is 

related to the tissue fixation process [299]. Researchers have suggested numerous 

ways to reduce autofluorescence, including chemical quenching, photobleaching, and 

technology-based separation like spectral unmixing. 

Photobleaching was considered unsuitable for this project, seeing as fluorescent 

staining is performed prior to any further tissue processing. Subsequent 

photobleaching would therefore not only reduce autofluorescence signal but also 

compromise the stain of interest. 

Chemical quenching is another option to reduce the fluorescence of a specific 

fluorophore by adding another substance. One example is staining with Sudan Black 

B (SBB) to reduce lipofuscin-induced autofluorescence. The main source for lipfuscin 

fluorescence are lipid structures, which are abundant in nerve cells, making brain a 

common application area for SBB staining [258, 259]. Myocardiocytes and aged 

skeletal muscle tissue might also display lipofuscin-related fluorescence induced by 

the breakdown of old red blood cells and damaged cell components. It often presents 

as fluorescence granules that could be misinterpreted as positive fluorescent staining 

[257, 300]. However, in healthy skeletal muscle of laboratory animals as used in this 

project, age-related damage and therefore the relevance of SBB staining is limited.  

The fixative used during tissue processing may also induce fluorescence as it reacts 

with amines and proteins to create fluorescent products [299]. Glutaraldehyde is 

thereby most prone to fluorescence interference, which is often counteracted by 

sodium borohydride (NaBH4) quenching [299, 301, 302]. With formalin-based fixation 

being less responsive to sodium borohydride [295], it is expected that this quenching 

method is less relevant for this project.  

Instead, other sources for autofluorescence signal are highly prevalent, including 

elastin and collagen [255, 303]. Both are found in the extracellular matrix (ECM) of 

skeletal muscle tissue [304] with elastin as the stronger fluorophore. Its spectrum of 
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488/515nm [303] coincides with the autofluorescence spectrum obtained from muscle 

samples (s. Figure 4-14). Different protocols are available to chemically reduce 

elastin fluorescence [299]. Similarly, researchers have developed chemical-based 

methods to minimise other sources of endogenous autofluorescence like FCCP 

staining to reduce NAD(P)H signal [305]. However, these treatments come with a risk 

of simultaneously reducing the signal of interest [306] and the level of reduction of 

autofluorescence signal is often unclear [305], making it less appropriate for 

quantitative fluorescence analysis. 

Instead of chemical quenching, the overlapping fluorescence signals of the skeletal 

muscle samples could be separated through filtering or digital processing, like 

spectral unmixing. Fluorescence signal from flavin for example, which is considered 

a main source for green fluorescence in skeletal muscle tissue [256], has been 

successfully separated in cardiomyocytes through spectral unmixing [307]. This 

relatively complex process requires the definition of a full spectral profile of a 

specimen in addition to microscopic imaging, making it time and resource consuming 

[306]. Spectral unmixing is also limited when background signal, noise, or a large 

signal overlap are present [308], as well as when dealing with high biological variability 

[306]. Technology-based separation of autofluorescence signal was therefore not 

pursued. 

Overall, different procedures to reduce autofluorescence are available, yet many of 

them either have a limited applicability and prospects of success for this project or are 

time and labour consuming to develop. Consequently, preliminary experiments on the 

suitability of the selected dyes ProY and LoD were performed without any means of 

reducing autofluorescence.  

4.7. Fixed-cell fluorescent staining to assess sarcolemmal 

damage 

Once spectral characteristics of the stains and samples were identified, loading 

experiments were performed. Both stains were tested for their suitability to detect 

mechanically-induced sarcolemmal damage in ex vivo skeletal muscle tissue. The 

results were compared with positive controls (stained, chemically permeabilised 

samples) as well as negative controls (stained tissues without any loading). 
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4.7.1. Method for Live-or-Dye and Procion Yellow MX4R staining 

Preliminary studies on the suitability of MOPS buffer for ex vivo storage of skeletal 

muscle revealed minor cell damage after 3-4 hours, which was used as guidance for 

the maximum duration of each experiment. A total of n = 21 skeletal muscles were 

isolated from Sprague Dawley rats (s. ñ4.3.2 Collection and preparation of murine 

skeletal muscle tissueò) and assigned to one of three groups: (1) mechanical damage, 

(2) negative control, (3) positive control. 

4.7.1.1. Experimental protocols for different groups 

A total of n = 13 skeletal muscles (n = 7 SOL and n = 6 EDL) were assigned to the 

mechanical damage group. Samples were pinned out and indented transversely with 

the setup described in ñ4.3.3 Mechanical loading ò. A range of loads were applied for 

60min, 90min, 120min, or 150min. The different loads were achieved by placing a 

small container with water on top of the indenter to generate a combined weight of 

11g, 33g, or 60g. The aim was to successfully induce and detect sarcolemmal 

damage.  

The allocation of samples to experimental conditions is listed in Table 4-2. Initially, 

different time frames were tested across the 11g loading condition with the LoD stain 

only. As damage was only identifiable at the longer durations, further testing of both 

stains at higher loads (33g and 60g) was performed for a duration of 90min and 

120min to ensure sarcolemmal damage.  

Table 4-2: Sample allocation for mechanical damage group. Samples were indented with 
the loads and durations marked in bold prior to staining with ProY or LoD. 

 11g  33g  60g 

 ProY LoD  ProY LoD  ProY LoD 

60min - n = 2  - -  - - 

90min - n = 1  - n = 1  - n = 2 

120min - n = 1  n = 2 -  n = 2 - 

150min - n = 1  - -  - - 

 

Three negative control samples were taken from the periphery of each mechanically 

damaged sample (n = 13) in 3mm thick sections and processed according to the FFPE 
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protocol (s. ñ4.3.4 Tissue processing through formalin fixation and paraffin 

embeddingò). 

To validate the fluorescent staining protocol, n = 8 samples (n = 6 SOL and n = 2 

EDL) were treated with Triton-X for positive control [309] (Table 4-3). Triton-X induces 

cell lysis, meaning it permeabilises the membrane of living cells chemically [310]. 

Samples were submerged in 0.1% Triton-X 100 (Sigma Aldrich, St. Louis) for 10min 

to 2h at ambient temperature before being fluorescently stained. Results were 

compared with negative controls and mechanically damaged samples. 

Table 4-3: Sample allocation for positive control. Samples were treated with Triton-X for 
time frames indicated in left column prior to staining with ProY or LoD. 

Triton-X ProY Live-or-Dye 

10min n = 2 - 

20min n = 1 n = 1 

120min n = 2 n = 1 

 

4.7.1.2. Fluorescent staining protocols 

Following the mechanical and chemical damage protocols, samples were submerged 

either in ProY or LoD. Varying suggestions for the amount and duration for Procion 

staining of skeletal muscle can be found in the literature. Concentrations range from 

0.1% to 1%, durations from 5min to 180min [229, 230, 262ï265, 267, 311ï318]. For 

this experiment, the ProY solution was prepared with a concentration of 0.1% of 

Procion Yellow MX4R in PBS (Appendix D-2), which is equivalent to other methods 

[229, 230]. The duration was set to 1h, similar to what other researchers used for EDL 

and SOL muscles [263, 265, i.e. 311ï313]. 

For the Live-or-DyeÊ stain, a concentration of 1:1000 of the provided stock solution 

and a staining duration of 30min were chosen, according to the supplierôs 

recommendations. After being stained, all samples were washed in PBS to remove 

excess stain (3 x 5min) before being fixed and embedded (s. ñ4.3.4 Tissue processing 

through formalin fixation and paraffin embeddingò). 
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4.7.1.3. Epifluorescence microscopy of fluorescently stained 

samples 

Imaging was performed on the Leica SP8 system. This inverted microscope has a 

motorised stage to acquire images in a series of x-y tiles that can be stitched with an 

automatic software (Leica LAS-X) to assemble final images of full muscle cross-

sections. Two acquisition options were tested: mapped confocal imaging, and 

widefield imaging with automatised stitching.  

For LoD samples, a Y5 filter (Ex 620/60, DC 660, Em 700/75) was applied with a 10x 

magnification. ProY-stained samples were imaged with an FITC filter (Ex 482/35, Em 

536/40) as identified earlier through spectral analysis. Illumination intensity and 

integration time were kept the same across samples for comparability. Each cross-

section was scanned, and the tiled images merged for analysis. All images were 

imported to FIJI/ImageJ and visually inspected for their suitability to distinguish 

damaged from control areas. 

4.7.2. Suitability of Live-or-Dye stain to detect cell damage 

The flexibility of the LoD stain in terms of available spectral profiles is a benefit when 

dealing with highly autofluorescence samples. By choosing a configuration in the far-

red spectrum, a high signal-to-noise ratio can be achieved for clear visualisation of 

damaged cells. This was successfully demonstrated with two of the eight tested 

samples: After a loading duration of 120min and 150min with a weight of 11g, 

damaged cells were visible in the indentation zone (Figure 4-15a). The damage was 

mostly localised to the area around the indenter. In the remaining six samples, no 

localised cell death could be observed. However, these samples had shorter loading 

times albeit with higher mass in some cases. Another possibility is that control rather 

than indentation areas were imaged because India Ink demarcation of the indentation 

site was only introduced part way through the preliminary studies (s. ñ4.3.3 

Mechanical loading ò).  

For validation, negative and positive controls were also analysed. While samples 

without any intervention had no damaged cells, chemically damaged samples had a 

clear ring of LoD-positive cells at the outer layer (Figure 4-15b). The thickness of this 

layer increased when increasing the submersion time in Triton X from 20min to 

120min, indicating higher damage rates. 
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However, despite these promising first results, the fluorescence tagging mechanism 

might present a problem when dealing with densely packed tissue. According to 

personal communication with the manufacturer [319], the majority of the staining 

would be restricted to outer cell layers. Circumventing this problem by increasing the 

incubation time is not an option, considering the short-lived labelling reaction (15-

30min). With literature on similar methodological setups missing, further experiments 

would be necessary to either confirm the suitability of LoD for skeletal muscle tissue 

samples or adjust the experimental setup. With time restrictions in mind, efforts were 

focused on an alternative route, using the ProY stain instead.
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Figure 4-15: Fluorescent labelling of skeletal muscle tissue with Live-or-Dye. a) mechanical indentation (orange arrow) for 120min with a weight 
of 11g induced cell death, marked by red staining. b) Positive control tissue submerged in Triton X for 120min exhibits LoD-positive cells at the outer 
layers, indicating chemically-induced cellular damage. Images were obtained with a Y5 filter (Ex 620/20, DC660, Em 700/750). Scale bar 1000µm. 

a b 
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4.7.3.  Suitability of Procion Yellow to detect cell damage 

Compared to LoD, ProY had a weaker fluorescence signal during absorbance and 

fluorescence tests. Additionally, the signal overlapped with the autofluorescence 

background, making it potentially more difficult to differentiate dead from live cells. 

The two samples that were mechanically indented with a mass of 60g for 120min 

showed no sign of cell damage after ProY staining. However, the experimental 

procedure was still at an early stage. Demarcation of the indentation site was missing, 

and staining was performed during indentation rather than afterwards. This could 

have hindered full penetration of the stain at the indentation site. The procedure was 

adjusted accordingly to stain after indentation and was implemented for the 33g 

loading condition. As a result, cell death could be visually detected in two samples 

that were mechanically indented with a load of 33g for 120min (Figure 4-16a). 

To verify the stains specificity, positive and negative controls were also analysed. 

Samples treated with Triton X displayed ring-shaped layers of dead cells in the 

periphery (Figure 4-16b), similar to the positive controls for LoD. In negative control 

samples without intervention, no cell death was apparent.  

The absence of excessive cell death in the negative control samples should also be 

interpreted in the context of their long-term storage in MOPS buffer. The results 

confirm that despite the cellular re-organisation documented in the basic histology 

study (s. ñ4.5.2  Suitability of skeletal muscle storage in MOPS-based buffer solutionò) 

cells remained viable throughout the course of the experiment. 
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Figure 4-16: Fluorescent labelling of skeletal muscle tissue with Procion Yellow MX4R. a) mechanical indentation (yellow arrow) for 120min 
with a mass of 33g induced cell death, marked by yellow staining. b) Positive control tissue submerged in Triton X for 120min features ProY-positive 
cells at the outer layers, indicating chemically-induced cellular damage. Green autofluorescence of muscle cells is also visible. Images were obtained 
with a FITC filter (Ex 482/35, Em 536/40). Scale bar 1000µm. 

a b 
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4.7.4. Choice of fluorescent stain 

Both LoD and ProY staining could detect sarcolemmal damage in skeletal muscle 

samples following mechanical indentation. This was underpinned by positive and 

negative control samples. While the spectral properties of LoD were more compatible 

with the natural fluorescence response of the samples, penetration depth is a potential 

limitation. Instead, ProY was favoured, which is a well-established dead-cell stain for 

skeletal muscle that has been used on SOL muscles of Sprague-Dawley rats in the 

past [320]. Unlike LoD, ProY also penetrates the full tissue, facilitated by the dyeôs 

low molecular weight and different staining mechanism. ProY was therefore the stain 

of choice for this project. 

4.8. Complete experimental procedure 

This chapter described several preliminary experiments to measure cell death after 

transverse mechanical loading. Three streams were explored: live-cell staining, basic 

histology, and fluorescent staining. The limited penetration depth of confocal 

microscopy on ex vivo samples made live-cell imaging unsuitable. The main drawback 

of the histological approach was the difficulty to objectively obtain quantitative data on 

the extent of cell death. This limitation can be overcome with fluorescent staining, 

which allowed for clear demarcation of dead cells.  

Combining the results of the preliminary experiments, a robust methodological 

procedure can be described. The foundation is ex vivo murine tissue that is subjected 

to transverse mechanical loading before being stained and processed for imaging with 

an epifluorescence microscope. Figure 4-17 provides an overview over the main 

steps. A detailed summary of the materials, methods, and processes can be found in 

Appendix D.  
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Figure 4-17: Complete experimental procedure. 

The ex vivo model combines benefits of in vivo and in vitro experiments, like the 

hierarchical structure, intact function, and a controllable environment. The samples 

are also well-suited for transverse mechanical loading studies, yet not restricted to 

this form of setup. The compatibility with most mechanical testing equipment means 

that further conditions such as shear stresses could be applied in the future. 

With ProY, a well-established marker for skeletal muscle damage has been identified 

and verified for its capability to highlight sarcolemmal damage in mechanically 

stressed tissue. It is compatible with standard FFPE processing as well as with 

cryosectioning, as other studies demonstrated [263, 264, 311]. The staining 

procedure is rather simple, compared with immunofluorescence protocols for 

example, and yet specific enough to indicate membrane damage for quantitative 

analysis. ProY is also more compatible with ex vivo samples than LoD and was 

therefore chosen for this project. 

Apart from the general procedure, the preliminary experiments highlighted best 

practices: Pinning of the muscles at approximately resting length until fixed avoids 

involuntary contractions; keeping the temperature below physiological levels and 

restricting the maximum duration of the experiments to 4h ensures viability of the 

samples; demarcation of the indentation site ensures easy differentiation between 
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mechanically damaged and control groups; and careful microtoming and extensive 

practice make for high-quality tissue slices, to name a few. Taking these points into 

consideration, one should be able to produce high quality samples on a reliable basis. 

4.9. Limitations of the experimental methods and materials 

Like any study, the proposed method comes with limitations. First, animal models 

have only a limited translatability to the clinical case of prosthetic use. However, they 

allow to approach the clinical problem of socket fit from a basic scientific angle in a 

highly controlled environment. Individual parameters like the influence of different 

loading conditions can therefore be tested. Nevertheless, the clinical relevance of 

results needs to be discussed with care and further experiments will be necessary to 

relate the basic scientific knowledge to socket design and fit.  

Regarding the experimental design, keeping animal tissue ex vivo for the duration of 

the experiment comes at the risk of introducing hypoxic conditions. The slight damage 

seen after 3h MOPS storage might be a result of this. As a preventative measure, the 

physiological solution around the tissue would ideally be perfused with oxygen. This 

was unfortunately not possible for this study because of lack of equipment, added 

cost, and logistics. However, ischaemia should only have a minor effect on cell death 

rates for the comparably short experimental duration [91, 105]. Additionally, the 

functionality of the muscle can be mostly preserved by the addition of nutrients like 

glucose to the buffer solution [321]. Data gathered from these ex vivo experiments 

should therefore still be largely related to deformation-induced rather than ischaemic 

damage. 

Prolonged loading not only increases the risk for ischaemic damage but also leads to 

an accumulation of biowastes. Indeed, Yao et al. [112] found that 2h of compressive 

loading can create a toxic cell environment for myoblasts that might lower the cellsô 

resistance to mechanical stress. In how far this time frame applies to ex vivo tissue is 

unknown. The possibility of toxic effects on cell damage rates therefore needs to be 

considered when comparing data from short and long-term loading conditions. To 

avoid this problem, the bathing solution could be refreshed regularly in future 

experiments. 

Beside the experimental design, the staining procedure has a few shortcomings. The 

fluorescence signal of ProY is in the same spectral region as the autofluorescence of 

the skeletal muscle, which could influence the sensitivity of the analysis. 
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Nevertheless, signal from mechanically damaged cells could still be clearly 

distinguished from live ones after careful determination of the microscopic settings 

(Figure 4-16a). The potentially reduced sensitivity with ProY staining is also less 

important for the planned experimental studies; the idea is to contrast the extent of 

cellular damage in skeletal muscle under different loading conditions rather than 

reporting absolute cell death values. ProY-staining is hence still suitable for this 

project. 

Another shortcoming is that ProY has not been tested for its penetration depth. 

Potential differences in fluorescence signals between central and peripheral regions 

of the samples might therefore not be considered. However, others have used ProY 

on EDL muscles in mice, and a similar Procion stain (Reactive Orange 14) on SOL 

muscles in Sprague-Dawley rats without any reports on penetration limitations [262, 

320]. The risk for insufficient penetration was therefore viewed as a minor one. 

Last, the tissue processing procedure is laborious and might introduce artefacts 

through chemical treatment and microtoming. This could be partially avoided by 

working with frozen instead of FFPE tissue. Optical clearing methods could be 

explored to avoid the need to slice the samples. Nevertheless, the results indicate 

that even with the combination of FFPE and microtoming, high-quality samples can 

be produced repeatedly. 

4.10. Chapter summary 

With the described set of preliminary experiments, the following general 

methodological procedure was established: isolation of murine skeletal muscle; 

transverse mechanical loading; fluorescent staining with ProY; FFPE processing; 

microtoming; and epifluorescence imaging. Next, a robust image analysis protocol 

needs to be developed to ensure that the produced images are translated into 

quantifiable data on cell death. 

Overall, the developed method provides the basis for standardised research while 

being easily adaptable. The influence of other mechanical loading scenarios like 

tension and shear on skeletal muscle health could be investigated as well as the 

different environmental conditions mimicking ischemia or reperfusion [33, 212]. 

Different staining or microscopy techniques can also be integrated. By adjusting the 

loading setup, not only murine muscle but fresh human biopsies could be tested. This 
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could give an indication for the translatability of murine test results to human studies 

and bridge the gap from the lab to the clinical environment.  



- 111 - 
 

5 CHAPTER 5 

 

Development of a fluorescence microscopy and 

image analysis workflow for the quantification of 

sarcolemmal damage in ex vivo skeletal muscle 

tissue 

 

Achieving the best results from experiments involving fluorescent staining relies 

heavily on an optimised microscopic setup and a reliable and unbiased analysis 

protocol. This chapter therefore describes an optimised workflow to quantify ProY-

positive cells in skeletal muscle tissue (Objective 2). 

Experimental planning was performed by the author. The microscopic setup was 

optimised by Dr. Alastair Wark with support from the author. The corresponding 

analyses were performed by the author.  
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5.1. Introduction to fluorescence image analysis 

Converting fluorescently stained tissue slices into quantifiable data requires an 

optimised microscopic setup and a robust analysis workflow. For this project, 

damaged myocytes are fluorescently labelled with ProY (s. Chapter 4). Image 

analysis procedures for Procion dyes have changed over the last decades as 

supporting software became widely available. Originally, image analysis relied on 

manual procedures of scoring and counting ProY-positive cells [229, 267, 314]. More 

recently, analysis software like MATLAB and ImageJ have been integrated [313, 316, 

318] to simplify the process and reduce bias. Thus, not only the percentage of 

damaged fibres [316] but also the area of damage [262, 263, 313, 318] became easier 

to measure. 

To review common practices in microscopic setups and image analysis methods, 15 

studies that used Procion staining on skeletal muscle were identified and analysed 

[229, 230, 262ï265, 267, 311ï318]. Unfortunately, the literature provided only limited 

detail on image acquisition and analysis tools. Three studies specified the excitation 

and emission settings of the epifluorescence microscope [230, 262, 314]; a further 

two gave a general indication of using a filter but without exact excitation and emission 

bands [317, 318]. Additionally, the way that cells were identified as ProY-positive was 

often unclear. Some researchers used thresholding methods [262, 264, 313, 316], in 

which the autofluorescence signal of a control sample was used as cut-off value 

above which cells were classified as damaged. All other papers did not specify what 

distinguished ñstainedò and ñunstainedò cells. Additional processing steps that are 

common practice in quantitative fluorescence image analysis like background 

subtraction or a conversion of images to greyscale before analysis were also rarely 

mentioned [313, 315]. Overall, the available information was insufficient to replicate 

methods for fluorescence image acquisition and analysis. 

General literature on how to conduct a fluorescence imaging study [i.e. 322ï325] 

highlighted common themes: reproducibility, repeatability, and the minimisation of 

bias. These principles guided the development and description of the microscopy and 

image analysis process for this study. Specifically, the proposed workflow was 

oriented towards a comprehensive checklist provided by Lee and Kitaoka [322] for an 

effective and rigorous fluorescence imaging experiment (Figure 5-1).  
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Figure 5-1: Imaging workflow. Based on workflow suggested by Lee and Kitaoka [322]. 
For details on sample preparation, see Chapter 4. 

5.2. Aims of image acquisition and analysis development 

The aim of this chapter is to describe a rigorous process for fluorescence image 

acquisition and analysis of ProY-stained samples from the ex vivo pressure injury 

model (described in Chapter 4). The desired output was quantitative cell death counts. 

By following guidelines framed by Lee and Kitaoka [322] and adhering to the principles 

of repeatability, reproducibility, and the reduction of bias, an effective fluorescence 

imaging and analysis workflow was developed. When combined with the ex vivo 

pressure injury model, reliable data on the influence of mechanical loading on skeletal 

muscle tissue health can be retrieved. 
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5.3. Planning of ex vivo loading experiment and imaging 

procedure 

5.3.1.  Imaging equipment and technique in use 

5.3.1.1. Microscope and software specifications 

All imaging was conducted on a Leica Microsystems TCS SP8 system with a Leica 

DMi8 inverted microscope. The added DFC7000T camera produces 12-bit images. 

The long working-distance objective with low 10x magnification (HC PL APO CS2, NA 

0.4) provided a large field of view. This kept image acquisition times comparably low 

while still providing sufficient detail to distinguish single cells (Figure 5-2b). To capture 

the fluorescence of the samples and ProY stain, two long pass filters were fitted on 

the system: a FITC filter (ex 482/35, em 536/40) and a Y5 filter (ex 620/60nm, em 

700/75nm). 

The motorised stage of the microscope allowed to acquire series of images of a user-

defined region of interest (ROI). The Leica LAS X software platform (Leica Application 

Suite X V.3.1.5.16308) then automatically divided the ROI into squares with an 

overlap of 10%. Each square was imaged in a bidirectional raster sequence and 

stitched together to create a large map of the ROI (Figure 5-2a). The resulting images 

were saved as .tiff files. 

Images saved as .tiff files open as 32-bit RGBs in FIJI/ImageJ (ImageJ 1.53s, Java 

1.8.0_172, 64-bit) [244]. The files were converted into 8-bit greyscale images using 

the following formula:  

grey = (red + green + blue) / 3 

This down sampling meant that 24-bit of information were compressed into 8-bit, 

losing part of the fine detail of the images. However, this reduction was necessary as 

the majority of operations in FIJI/ImageJ are based on 8-bit images. The thresholding 

feature for example, which other researchers used to analyse ProY-stained images 

[262, 264, 313, 316], only works on 8-bit greyscale images. After converting the 

images, further analysis could be performed. 
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5.3.1.2. Choice of ROI and definition of data output for analysis 

Before image analysis, the ROI needed to be defined. Damage inflicted by transverse 

indentation of the muscle propagates away from the indentation site [198, 199]. To 

assess the extent of cell death, the full depth of the muscle should be investigated. 

The full cross-section of the skeletal muscle samples was therefore defined as ROI.  

Within each cross section, the absolute number of damaged cells should be obtained 

and compared between experimental groups. Relative numbers, i.e. number of 

damaged cells divided by the total number of cells per cross-section, would be less 

meaningful, seeing as the indentation area was constant, irrespective of the muscle 

size. To verify the use of absolute cell death numbers, cell density was measured 

within the same sized ROI across five randomly selected samples. Single cells within 

each cross-section were segmented through Cellpose (s. ñ5.5.3 Segmentation of 

individual cells from cross-sectional images of skeletal muscle tissueò) and 

automatically counted in ImageJ. The average number of particles/cells within the ROI 

was 364.4 ± 31.0. The coefficient of variation of CV = 0.085 was deemed sufficiently 

low to assume equal cell density across samples.  

a b 

Figure 5-2: ROI and resolution of 
cross-sectional muscle sample. 
a) Red line indicates hand-drawn 
ROI surrounding full cross-section 
of muscle. White lines indicate 
borders of individual images that 
were stitched into larger map with 
10% overlap. Numbers represent 
scanning order of the images.    b) 
Magnification of square 14 with 
high resolution to distinguish single 
cell features. All images were 
taken with 10x objective. 
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5.3.1.3. Choice of imaging technique 

The last setting to decide as part of the experimental planning was the means of 

imaging. ProY-stained slides prepared for the preliminary experiments (s.ò4.7.1 

Method for Live-or-Dye and Procion Yellow MX4R stainingò) were imaged in confocal 

as well as wide-field mode with identical settings. 

A confocal approach was thereby less suitable for imaging fluorescently stained 

cross-sections of skeletal muscle tissue. The main reason was severe photobleaching 

of samples, most likely caused by high illumination. Although confocal imaging rejects 

out-of-focus light, areas above and below the focal plane are still illuminated [326]. 

Together with the longer scan times compared to widefield imaging, samples might 

be overexposed.  

The usual benefits of additional depth information from confocal imaging are also less 

relevant for the analysed tissue samples. Samples consisted of thin transverse 

sections of 4µm width, which is far less than the average muscle fibre length of over 

a centimetre [275]. Even if sarcolemmal damage is restricted to only part of the fibre, 

it should be visible throughout the whole depth of each cross-sectional slice. Imaging 

in widefield mode should therefore be sufficient to obtain information on cell death. 

Unlike in confocal mode, widefield imaging generated reproducible images of ProY-

stained samples. Bleaching was only observed when samples were left in the 

microscope for extended periods (>30min) with open shutters (Figure 5-3). However, 

Figure 5-3: Local 
photobleaching. 
Cross-sectional 
slice of skeletal 
muscle displaying 
photobleaching 
from extensively 
long illumination, 
demarcated by 
white semicircle. 
Yellow staining on 
top of muscle 
represents tendon 
attachment, as 
collagen is prone to 
ProY staining. 
Scale bar 1000µm. 
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this was a result of careless practice, not of the imaging mode. In the following 

experiments, shutters were therefore closed whenever possible, and samples 

removed from the microscope stage during breaks. 

5.3.2. Power analysis and sampling 

A suitable sample size was determined before conducting imaging experiments. The 

sample size should be sufficiently large to allow for reliable interpretation of the data 

but small enough to avoid unnecessary use of animals, resources, and time [327]. For 

this project, a ñsampleò, also known as experimental unit [327, 328], was equivalent 

to one isolated muscle. 

To determine how many experimental units to include for every indentation condition 

to achieve statistically meaningful results, sample size calculations were needed. 

Differences in cell death counts between the indentation conditions were calculated 

through one-way ANOVA (analysis of variances) in Minitab (Vers. Version 19.2020.1). 

Accordingly, sample size calculations with the ñPower and Sample Sizeò tool in 

Minitab were based on one-way ANOVA. Required input parameters were as follows: 

expected variability in the number of dead cells (standard deviation); maximum 

difference between mean dead cell counts; number of levels (how many categories 

are being compared); power (probability that a difference between groups is detected 

when this difference actually exists); and the significance level (probability that a 

difference is detected when this difference does not exist) [329].  

Information on standard deviation and maximum difference between means is 

commonly derived either from preliminary experiments or relevant literature. Without 

any preliminary results available, three papers were identified that are similar to the 

proposed experiment; researchers compared the number of ProY-positive cells in 

murine extensor digitorum longus (EDL) muscles following eccentric contractions to 

undamaged control samples [267, 311, 330]. From these papers, standard deviations 

of the average number of ProY-positive cells and maximum differences between 

mean values were extracted for mechanically damaged and control samples (Table 

5-1). The number of levels was set to three, as a maximum of three different 

indentation settings were planned to be compared in the experiments (static, low 

frequency dynamic, high frequency dynamic). The occurrence level for a type I error 

was set to Ŭ = 0.05, allowing a 5% chance of false-positive results. The power was 
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defined as 80%, meaning that there is a 20% chance (ɓ = 0.2) for false-negative 

results. 

Table 5-1: Parameters for sample size calculations. The mean percentage of ProY-positive 
cells and variability for the mechanical damage and control group were taken from literature. 
Values in the control group that are marked with (*) were missing in the literature and assumed 
to be equal to zero. The maximum difference between means was calculated as difference in 
ProY+ cells between group 1 and group 2. 

Source 

Group 1 (mech. damage) Group 2 (control) Max. 
difference 
between 
means 

Mean of ProY+ 

cells [%] 
Variability 
(SD) [%] 

Mean of ProY+ 

cells [%] 
Variability 
(SD) [%] 

Petrof et al. 
[267] 

4 0.5 1 0.25 3 

Lou et al. 
[311] 

3 0.8 0* 0* 3 

Deconinck 
et al. [330] 

1.8 0.15 0* 0* 1.8 

 

With all required parameters defined, sample size calculations were performed for 

each dataset. The exact formulas and methods are detailed in [331]. The null 

hypothesis ñno difference between group meansò (H0: µ1 - µ2 = 0) was tested against 

the alternative hypothesis ñdifference in means between the mechanically stressed 

and control groupò (Ha: µ1 - µ2 Í 0). The resulting estimated sample sizes are 

summarised in Table 5-2.  

A maximum calculated sample size was n = 3. However, the software presents the 

calculated sample size as integers [332], meaning that the true value could be slightly 

above n = 3. Several other variables should also be considered. The mechanical 

loading protocols of the proposed transverse compression study differs from the 

referenced eccentric contraction experiments. Additionally, processing errors could 

make samples unusable for analysis, which would reduce the sample size 

dramatically. The sample size was therefore increased to n = 5, which is similar to 

sample sizes used in comparable research [33, 34, 212, 267, 311, 330].  

Table 5-2: Estimated sample sizes for indentation studies on skeletal muscle tissue. 
Variability and minimal relevant difference values were taken from the sources indicated in 
column one. Sample sizes were calculated with one-way ANOVA with Ŭ = 0.05 and ɓ = 0.2. 
The following hypotheses were tested: H0: µ1 = µ2, Ha: µ1 Í µ2) 

Source Variability 
Minimal relevant 
difference 

Calculated 
sample size 

Petrof et al. [267] 0.005 0.03 2 
Lou et al. [311] 0.008 0.03 3 
Deconinck et al. [330] 0.0015 0.018 2 
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5.3.3.  Data management 

To ensure adequate documentation of the images and analysis steps, a data 

management plan was developed (s. Appendix E). A manual lab book was kept to 

capture metadata. The acquired images were saved on a computer hard drive as well 

as in a cloud storage and on an external hard drive for backup. All relevant data will 

also be made available on the pure network (https://pureportal.strath.ac.uk/) for future 

access.  

Additionally, a consistent labelling system was adapted from the initial sample 

preparation through to the final images to ensure traceability. Samples were labelled 

systematically with: 

(1) an abbreviation for the muscle (EDL or SOL) 

(2) a consecutive number for the dissection 

(3) either 1 or 2 to distinguish between the same muscle type from two different 

hindlimbs 

(4) the letters ñCTRLò (control) or ñi" (indentation) to mark the intervention group. 

An example is the label SOL14-1-CTRL for soleus muscle, dissection number 14, 

muscle 1, control. When mounting samples, an additional consecutive number was 

added, representing the microscope slide, to facilitate further differentiation when 

imaging cross-sections from the same sample.  

5.4. Optimisation of the image acquisition procedure 

With the experimental method and the general parameters of the experiment and 

analysis in place, suitable image acquisition settings were determined. Keeping 

acquisition parameters consistent between all specimen is key for comparability and 

to avoid bias [322, 323]. 

Alongside other parameters like filters and acquisition mode, three microscope 

parameters were optimised to generate high-quality images: intensity of the light 

source, integration/exposure time, and gain (signal amplification of the camera). The 

goal was to reach sufficient brightness and a high signal-to-noise ratio (SNR) without 

inducing phototoxic effects on the sample or over- or undersaturating the images 

[324]. Integration time and gain should also be adjusted to use the entire dynamic 

https://pureportal.strath.ac.uk/
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range of the detector and avoid data clipping [323]. Performing this optimisation 

process on various samples, including mechanically loaded as well as control ones, 

ensures the suitability of the chosen settings for the full data set. 

The effect of out-of-focus imaging on intensity measurements was also tested. This 

was necessary because variations in sample thickness and imperfect mounting lead 

to fluctuations in the optimal location of the in-focus plane when working with 

automated scanning of large samples.  

5.4.1.  Method to optimise image acquisition procedure 

To assess microscopic settings, n = 5 different cross-sectional sample slices were 

randomly selected from preliminary experiments. They were taken from two EDL and 

three SOL muscles from different Sprague-Dawley rats. A further n = 5 cross-sectional 

slices from SOL muscles were used to assess the relevance of in-focus imaging on 

emission intensity measurements. Of those, n = 3 were from a mechanically loaded 

area, n = 2 were from control sections. For details on sample preparation, refer to ñ4.3 

General materials and methods for ex vivo experimentsò. All slides were ProY-stained 

and imaged through an FITC filter on the Leica TCS SP8 system (s. ñ5.3.1  Imaging 

equipment and technique in useò). 

One centrally located rectangular area per section was brought into focus. An 

exposure time of 2s, illumination intensity level of 3, and gain of 6 were set as starting 

values through trail-and-error. To establish image acquisition parameters, these 

settings were kept constant while adjusting one of the following: Illumination intensity 

level from 2-4; integration time from 1s to 2s to 4s; and gain level from 3 to 6 to 9.  

To assess imaging across different focus planes, the in-focus depth of the allocated 

samples was established and an image taken. Next, the focus was changed by ±1µm 

and ±2µm, covering the full thickness of the approximately 4 µm thick sample slices. 

Exposure time, illumination intensity, and gain were kept constant. 

All images were imported into FIJI/ImageJ for analysis. One sample was excluded 

from the image acquisition parameter group because of unclear metadata. For the 

remaining samples, mean greyvalue emission intensities were measured and 

documented. Additionally, histograms were viewed to detect potential saturation and 

assess contrast.  
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5.4.2.  Results of image acquisition optimisation study 

5.4.2.1. Effect of illumination light intensity level on image intensity 

measurements 

A scatterplot was composed to visualise the measured mean intensity of cross-

sectional skeletal muscle tissue when increasing the illumination light intensity across 

three levels (Figure 5-4). A positive relationship between illumination light intensity 

level and emission intensity was observed for all samples. This response can be 

described by a third-degree polynomial (R2 = 98.41%). With rising illumination light 

intensity level, the between-sample variation in emission intensity increased as well 

(level 2: SD2 = ± 1.92, level 4: SD4 = ± 8.31).  

The images recorded with the microscope increased in brightness when rising the 

intensity level of the illumination source (Figure 5-5). Looking at the corresponding 

histograms, two peaks are visible across all of them. The highest contrast marked by 

the widest range of emission intensity values is found at level 3, the smallest at level 

2 with 170 and 105 greylevels respectively. At level 4, a sharp cliff is visible at a 

greylevel of 180, indicating signal saturation. 

 
Figure 5-4: Comparison of illumination and emission light intensity. Four cross-
sectional slices were prepared from ProY-stained murine EDL (n = 2) and SOL (n = 2) 
muscles. A centrally located ROI was imaged for each and emission intensity measured 
at increasing illumination light intensity. Integration time and gain level were kept 
constant. Illumination and emission light intensity were positively correlated for all four 
samples, following a polynomial function (bold black line)                                                                   
y = 0.6941x3 + 0.8503x2 + 7.201x - 3E-12 with R2 = 0.9841. Standard deviations also 
increased from SD2 = ± 1.92 at level 2 to SD4 = ± 8.31 at level 4.  

y = 0.6941x3 + 0.8503x2 + 7.201x - 3E-12
R² = 0.9841
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5.4.2.2. Effect of integration time on image intensity measurements 

To identify a potential relationship between integration time and emission intensity of 

the same four samples, a second scatterplot was created (Figure 5-6). Here, a linear 

dependence of the emission intensity on the integration time was observed, which 

could explain R2 = 99.02% of the variance in the data. As before, the variability in 

measured intensities between samples increased with longer integration times (2s: 

SD2 = ± 1.97, 4s: SD4 = ± 6.35). 

By increasing the exposure time, the brightness of the recorded images increased 

drastically (Figure 5-7). The histograms reflect this observation, with the highest 

mean emission intensity of 88.4 [a.u.] after 4s of exposure. The widest range of 

emission intensities was recorded after 2s of exposure with 168 greylevels. After 4s 

integration time, the greyvalues appeared truncated at 180 [a.u.]. 

Figure 5-5: Effect of illumination intensity on emission intensity measurements. 
Images of representative ROI of skeletal muscle cross-section with the intensity of the 
illumination source increasing from 2 (a) to 3 (b) to 4 (c) leading to increasing brightness. 
The sample was prepared from ProY-stained murine EDL muscle and imaged at constant 
integration time and gain level. Scale bar: 500 µm. Corresponding histograms d, e, f depict 
emission intensities on standard (black) and log scale (grey). 

a c b 

d f e 
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Figure 5-6: Comparison of integration time and emission intensity. Four cross-
sectional slices were prepared from ProY-stained murine EDL (n = 2) and SOL (n = 2) 
muscles. A centrally located ROI was imaged for each and emission intensity measured at 
increasing integration time. Light source intensity level and gain level were kept constant. 
A direct, positive linear relationship (bold black line, y = 21.757x + 0.0651) was found 
between integration time and measured intensity across all four samples (R2 = 0.9902). 

Standard deviations increased from SD2 = ± 1.97 at 2s to SD4 = ± 6.35 at 4s. 

 

 

y = 21.757x + 0.0651
R² = 0.9902

0

10

20

30

40

50

60

70

80

90

100

0 1 2 3 4

E
m

is
s
io

n
 i
n
te

n
s
it
y 

[a
.u

.]

Integration time [s]

Sample 1

Sample 2

Sample 3

Sample 4

a 

f e d 

c b 

 Figure 5-7: Effect of integration time on emission intensity measurements. Images of 
representative ROI of skeletal muscle cross-section with the integration time increasing from 
1s (a) to 2s (b) to 4s (c) leading to higher brightness. The sample was prepared from ProY-
stained murine EDL muscle and imaged at constant illumination light intensity and gain level. 
Scale bar: 500 µm. Corresponding histograms d, e, f depict emission intensities on standard 
(black) and log scale (grey). 
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5.4.2.3. Effect of gain adjustment on image intensity measurements 

Similar to the effect of illumination light intensity on mean emission intensity 

measurements, the relationship between gain and emission intensity was positive and 

linear for all four samples (R2 = 98.55%, Figure 5-8). The inter-sample variability 

increased with higher gain levels (gain 3: SD3 = 1.58, gain 9: SD4 = 5.75). The mean 

emission intensity of sample 1 at gain 9 deviated from the expected value. Instead of 

the calculated emission intensity of 65.02 [a.u.], a mean intensity of 42.65 [a.u.] was 

recorded. This data point was classified as outlier and excluded from analysis. 

The brightness of the recorded images increased with higher gain levels (Figure 5-9). 

The corresponding histograms displayed the highest mean emission intensity of 59.34 

[a.u.] and the widest range of greyvalues (167) at a gain level of 9. Additionally, the 

greylevel of 180 appeared to be a cut-off value. 

 
Figure 5-8: Comparison of gain level and emission intensity. Four cross-sectional 
slices were prepared from ProY-stained murine EDL (n = 2) and SOL (n = 2) muscles. A 
centrally located ROI was imaged for each and emission intensities measured at increasing 
gain level. Light source intensity level and integration time were kept constant. A direct 
linear relationship (bold black line, y = 6.7869x + 0.4154) was found between gain level 
and emission intensity (R2 = 0.99). One outlier from sample 1 (gain level 9, intensity 42.65), 
which is marked with a blue cross, was removed from the analysis. 

y = 6.7869x + 0.4154
R² = 0.9855

0

10

20

30

40

50

60

70

80

0 1 2 3 4 5 6 7 8 9 10

E
m

is
s
io

n
 I
n
te

n
s
it
y
 [

a
.u

.]

Gain level [a.u.]

Sample 1

Sample 2

Sample 3

Sample 4



- 125 - 
 

 

5.4.2.4. Effect of changes in focus on image intensity 

measurements 

The average emission intensity of five samples was measured across different focus 

planes from ñin focusò (0µm) to ±1µm and ±2µm, covering the full thickness of a 

sample slice. Emission intensity measurements peaked at the in-focus plane for all 

five samples (Figure 5-10) Outside of the in-focus plane, emission intensity remained 

relatively steady for each sample, the average standard deviation being SD = ± 2.63 

[a.u.]. The highest between-sample variation was recorded for the in-focus plane (SD 

= ± 20.34 [a.u.]). When looking at types of samples, the mean emission intensity of 

the mechanically damaged samples 1ï3 (avg. intensity = 69.47 ± 10.68 [a.u.]) was 

generally higher than for control sections 4 and 5 (avg. intensity = 39.62 ± 3.96 [a.u.]). 

Figure 5-9: Effect of gain level on emission intensity measurements. Images of 
representative ROI of skeletal muscle cross-section with the gain level increasing from 3 (a) 
to 6 (b) to 9 (c) leading to higher brightness. The sample was prepared from ProY-stained 
murine EDL muscle and imaged at constant illumination light intensity and integration time. 
Scale bar: 500 µm. Corresponding histograms d, e, f depcit emission intensities on standard 
(black) and log scale (grey). 
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Figure 5-10: Effect of out-of-focus imaging on emission intensity measurements. 
Five cross-sectional slices were prepared from ProY-stained murine SOL muscles. 
Samples 1-3 represent ROIs from mechanically loaded areas, samples 4 and 5 from control 
sections of skeletal muscle. A centrally located ROI was brought into focus before being 
imaged and the focus moved ±1µm and ±2µm. Emission intensity was measured at 
constant illumination time, illumination intensity level, and gain level. The emission intensity 
values were relatively constant with a standard deviation of SD = ± 2.63 [a.u.]. 

 

5.4.3.  Discussion on the microscopic settings for quantitative 

fluorescence imaging 

Before performing any fluorescence image analysis, the microscopic setup needs to 

be tested. This includes finding a filter combination suitable for the fluorescent stain 

of choice; understanding the influence of microscopic imaging settings on intensity 

measurements; and validating the stability of the microscope.  

The effect of illumination light intensity levels, integration time, and gain on mean 

emission intensities was tested as indication for the reliability of the system for the 

following quantitative cell analysis. Overall, the microscope produced stable output 

data. As expected, rises in integration time and gain were directly proportional to the 

measured intensity for all samples. The intensity also increased when intensifying the 

light emitted by the illumination source, although in a non-linear way, which is common 

for lasers [325]. All three parameters displayed the respective behaviour strongly 

across all samples (R2 Ó 98.41), which indicates a high system stability.  

The data had one outlier in the gain adjustment group at gain level 9. The most likely 

explanation for this is human error in the microscopic setup. This stresses the 
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importance of consistency and careful control of the acquisition parameters before 

taking each image. 

5.4.3.1. Establishing optimal image acquisition parameters 

The suitability of acquisition parameters can also be assessed based on the 

distribution of greyvalues within an image. The histograms for changes in light source 

intensity, integration time, and gain level (Figure 5-5, Figure 5-7, Figure 5-9) 

revealed similar trends as the emission intensity measurements. At the lowest chosen 

levels, i.e. light source intensity 2, integration time 1s, gain level 3, histograms were 

positively skewed with a low signal range. This indicates that settings need to be 

optimised by increasing the respective parameters for an effective use of the intensity 

range and improved contrast [333]. At the highest chosen levels on the other hand 

(light source intensity 4, integration time 4s, gain level 9), data appeared truncated. 

This cut off is attributable to software offset settings which provide a pre-defined 

correction for noise. Parts of the images were oversaturated and intensity and spatial 

resolution information was lost [324]. This oversaturation was also apparent when 

imaging highly damaged areas with an integration time of 2s (data not shown). The 

optimised imaging parameters were therefore chosen as follows: Light source 

intensity 2, integration time 1s, gain level 3. 

5.4.3.2. Influence of focus on image intensity measurements 

Reducing the impact of out-of-focus imaging on emission intensity measurements is 

crucial for quantitative analyses, especially when producing large-scale tiled images. 

One factor is inconsistencies in sample thickness and mounting, which might be 

minimised by rigorous preparation practices but are still unavoidable. 

As expected, the highest emission intensity values and the highest between-sample 

variability were apparent at the chosen ñin-focusò plane. Nevertheless, the Leica LAS 

X softwareôs auto-focus function can help to maintain that the focus throughout the 

imaging process of a full cross-section. It is based on intensity measurements as well 

as sharpness and spatial distribution. Small deviations caused by differences in 

sample thickness and uneven mounting can therefore be counteracted. 

The results also indicate that operating ñin focusò provides the optimal environment to 

detect differences between samples. More importantly, however, moving out of focus 
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only seemed to have a minor effect on overall emission intensity measurements 

(standard deviations <10% of maximum emission intensity).  

5.4.4. Limitations of the preliminary studies to find optimal image 

acquisition parameters 

The preliminary studies to find optimal image acquisition parameters come with a few 

limitations. First, limited human capacity made blinding between the imaging and 

analysis impossible. Potential bias was nevertheless reduced by following a 

predefined acquisition and analysis protocol.  

Montero-Llopis et al. [325] also suggest to measure irradiance (power density) to 

identify potential light source instabilities between the beginning and end of an 

imaging session as well as between imaging sessions [325]. Unfortunately, suitable 

tools were unavailable. However, the system, including the light source, is serviced 

regularly to identify and correct potential instabilities. Additionally, other sources of 

variability were minimised. Dedicated cooling systems for the hardware and 

temperature- and moisture-control systems for the whole room were in place to allow 

for consistent imaging conditions and reduced dark noise effects. Samples were also 

stored in adequate slide boxes, handled at dimmed room light, and imaged inside a 

shielded chamber to minimise environmental light impact and minimise variability. 

5.4.5.  Summary of optimised image acquisition parameters for 

quantitative fluorescence imaging 

In summary, working with the described image acquisition parameters (light source 

intensity 2, integration time 1s, gain level 3) in the in-focus plane is advisable for 

optimal results. Small deviations in focus seem negligible as they had no major 

influence on emission intensity measurements and could be controlled with the 

autofocus function of the microscopic system. To minimise other sources of variability, 

controlling environmental settings and taking care with sample handling should be 

paramount when collecting quantitative data. 
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5.5. Development of a workflow for fluorescence image 

processing and analysis 

To ensure reliable, high-quality results, analysis protocols for fluorescence images 

should be unbiased and repeatable. However, natural and artificially introduced 

variability in fluorescence signals complicates the compilation of multiple biological 

samples into comparable data. The challenge lies in identifying a suitable combination 

of potential analysis steps and tools to filter out the information of interest. For this 

project, the goal was to quantify cellular damage in ProY-stained samples from the ex 

vivo animal model. The premise was therefore to develop a sensitive workflow that 

works on samples with strong, minor, or no mechanical damage. Consistency across 

all intervention groups was key to ensure comparability [322, 334]. 

In the past, researchers have published studies using ProY on skeletal muscle tissue 

[263, 265, 267, 311ï313, 315, 330, 335, 336]. A common feature in their image 

analysis protocols was the use of thresholding and segmentation. Based on the 

working principles of fluorescent dyes, ProY-positive fibres differ from negative ones 

by an increase in fluorescence emission intensity. To distinguish between high and 

low intensity areas, one usually needs to establish a baseline signal (= no damage). 

This baseline signal can function as threshold, above which fibres are classified as 

ProY-positive and therefore injured.  

Manual operations like tracing and counting (i.e. [267, 314, 337]) were avoided 

because of the vast number of images to be processed for this study and the risk for 

bias. Instead, the following semi-quantitative procedure was adapted: 

1. Pre-processing: improves image quality 

2. Segmentation: partitions images into objects of interest, i.e. myocytes 

3. Thresholding: divides images based on pixel values into foreground and 

background, i.e. ProY-positive and ProY-negative myocytes 

4. Particle analysis: automatically counts segmented objects in the foreground 

While the majority of papers on ProY imaging shared these procedural steps (i.e. [262, 

264, 313, 316, 318]), detailed descriptions were sparse. Hence, the following 

paragraphs will refine the general image analysis workflow. 
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Identifying suitable procedures for each of the four steps of pre-processing, 

segmentation, thresholding, and particle analysis was not a linear process but needed 

multiple iterations. However, to aid understanding, the linear structure will be followed 

when detailing each step in the next paragraphs. For clarification, unstained samples 

that only emit autofluorescence signal will be referred to as ñautofluorescenceò and 

ProY-stained control samples from outside the indentation zone of a muscle as 

ñCTRLò. ñIntensityò means emission intensity unless specified otherwise. 

5.5.1.  Background subtraction for fluorescence imaging 

Background signal was determined for every image to account for potential variation 

in microscopic hardware, i.e. differences in illumination by the light source between 

sessions. As other researchers suggested [i.e. 315, 338, 339], n = 5 areas on a 

microscope slide without any tissue were selected, mean intensities recorded, and 

the average values subtracted from every pixel in the image. This was favoured over 

the ñrolling ballò algorithm3 [i.e. 340], as later processing corrects potential spatial 

variations in illumination.  

5.5.2.  Image normalisation for ProY-staining 

The next pre-processing step was image normalisation. In this project, different 

mechanical insults can lead to an increased intracellular fluorescence induced by 

ProY staining. However, differences in hardware performance between imaging 

sessions, amongst others, can introduce unwanted technical variability to intensity 

measurements. Despite the benefits and importance of image normalisation, 

protocols for ProY-stained samples were unavailable from literature (s. ñ5.1 

Introduction to fluorescence image analysisò). 

5.5.2.1. Approaches for image normalisation 

One common approach for normalisation in image analysis, including MRI and 

histological images, is quantile normalisation [341ï343]. In this technique, the 

samples signal distributions are aligned with each other to correct for intra-sample 

variations. However, having only few positively stained cells - as it is expected in 

 
3 The ñrolling ballò algorithm uses a circular area around a pixel to determine an average 
background intensity value that is then subtracted from the original image. 
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mildly damaged samples ï might change the overall intensity profiles [344] and skew 

the results. 

Another possibility is using an additional image feature as reference. This feature 

should exert constant intensity, irrespective of the intervention [345]. One option is 

using reference standards [346] like fluorescence probes or beads that are introduced 

to each sample. Needing additional processing steps and potentially adding another 

source of variability, this option was disregarded. Instead, the use of an internal 

standard was explored. 

5.5.2.2. Proposal for normalisation procedure for ProY-stained 

images 

The previous spectral analysis of ProY determined the stainôs excitation and emission 

characteristics (ñ4.6 Spectral analysis of fluorescence signal of stains and skeletal 

muscle tissueò), which were imaged through an FITC filter. A reference image taken 

at a ProY-insensitive wavelength could then be used as an internal standard for 

normalisation. This removes intensity variations stemming from different section 

thicknesses and non-uniform illumination.  

ProY has its peak excitation and emission around 480nm and 534nm respectively. 

However, the fluorescence emission tends to zero in the longer wavelength regions 

(Ó 650nm). The ProY signal recorded with a Y5 filter, which was used previously for 

LoD stained samples, would therefore be minimal, as its excitation and emission 

bandwidths are ex 620/60nm and em 700/75nm. (ñ4.6.2 Spectral characteristics of 

skeletal muscle tissue and fluorescent stainsò). 

From a technical point of view, the microscope can change the filter set and 

repeatedly image the same cross-section. It is therefore possible to take consecutive 

images of the same ROI with both the FITC and Y5 filter. Through arithmetic 

operations in FIJI/ImageJ, a ratio of the FITC signal divided by the Y5 image can be 

obtained to normalise each image. By working with ñfloating pointò, a non-byte format 

in which images are not quantised until after the division process, potential loss of 

information is minimised.  

5.5.2.3. Suitability of Y5 as internal standard 

Before applying the proposed Y5 normalisation procedure, the general suitability of 

Y5 images as internal standard was tested on five mechanically damaged samples. 
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For each sample, a representative cross-section was chosen for which three ROI 

were selected from damaged areas and three from unloaded areas in the periphery. 

Images were taken under identical settings as described previously (s. ñ4.3.5.  

Discussion on the microscopic settings for quantitative fluorescence imagingò), with 

an integration time of 4s for the Y5 filter to obtain sufficient signal. After recording the 

mean intensity of each ROI with FIJI/ImageJ, Mann-Whitney tests were performed in 

Minitab because of non-normal data distribution. FITC and ProY intensities were 

compared for the ñindentedò and ñcontrolò condition (p Ò 0.05). 

Analysis of the FITC-filtered images revealed a statistically significant difference in 

intensity between indented and control areas of the muscle (p = 0.000) with the 

median intensity more than doubling (2.75-fold increase) (Figure 5-11). Y5-filtered 

images on the contrary had a similar level of intensity for both groups (p = 0.309). Y5-

filtered images therefore seemed to provide a constant intensity value irrespective of 

the loading condition. This makes them a potential candidate as internal standard for 

image normalisation. 

 
Figure 5-11: Suitability of imaging with Y5 filter as internal standard for ProY-stained 
samples. Median intensities from n = 5 fluorescently stained cross-sections of murine skeletal 
muscle were compared with Mann-Whitney tests (p Ò 0.05). Three ROI each were selected 
from a mechanically damaged area of the cross-sections (ñIndò) and its undamaged periphery 
(ñCTRLò). Each ROI was imaged with an FITC filter to capture ProY and a Y5 filter outside of 
the ProY stainôs spectral response. While the median fluorescence intensity captured with the 
FITC filter increased significantly between control and indented areas (p = 0.000, ñ+ò), no such 
change was observed with the Y5 filter (p = 0.309).  

* 
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5.5.2.4. Benefit of Y5 normalisation for image analysis 

Next, the potential benefit of adding a Y5-based normalisation protocol was 

investigate on two successive cross-sections. Although they were taken from the 

same mechanically damaged sample, their overall intensity varied significantly. To get 

an indication for the suitability of the normalisation protocol, both cross-sections were 

analysed with and without normalisation.  

In brief, background was subtracted for each image before an identical segmentation 

process was applied (s. ñ5.5.3 Segmentation of individual cells from cross-sectional 

images of skeletal muscle tissueò). Next, two different thresholds were obtained, one 

from normalised and one from non-normalised control images (s. ñ5.5.4 Thresholding 

to identify ProY-positive cellsò). These thresholds were applied to the segmented 

images prior to visual assessment and automated dead cell counting. Without 

normalisation, the cells identified as damaged in the first cross-section were almost 

identical with the ProY-positive cells in the raw image (Figure 5-12 a, b). In the second 

cross-section, however, almost the whole area was classified as damaged (Figure 

5-12 d, e). This discrepancy between the two cross-sections could be attributed to the 

higher overall brightness of the second cross-section. Despite the use of image-

specific background subtraction, this difference was not accounted for before applying 

the global threshold. Accordingly, the analysis workflow without normalisation seems 

unsuitable for universal analysis. 

Adding a normalisation protocol improved the accuracy of the analysis workflow. The 

location of dead cells correlated well with the raw images for both cross-sections 

(Figure 5-12 c, f). This is underpinned by the quantitative dead cell count for each 

scenario (s. ñ5.5.5 Particle Analysis to quantify ProY-positive cellsò): The number of 

dead cells for the non-normalised image differed by n = 1681 (n = 345 in the first 

cross-section, n = 2062 in the second). After normalisation, n = 204 and n = 278 dead 

cells were counted respectively. This proves the improved accuracy when quantifying 

cell damage with the normalisation protocol. The combination of normalisation, 

segmentation, and global thresholding therefore seems suitable to reliably detect 

dead cells from ProY-stained muscle cross-sections. 
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5.5.2.5. Validation of Y5 normalisation for the image analysis of 

ProY-stained muscle samples 

An internal standard should be applicable to all experimental conditions [347]. The 

validity of Y5 normalisation was therefore tested on three representative samples: a 

heavily damaged muscle (2h static loading with 2.88g), one with minor damage (1h 

static loading with 33g), and one without damage (2h static loading with 1.6g). A total 

of n = 12 cross-sections were analysed for each muscle. Six of them were control 

samples from the periphery, the other six from the indentation area. Two images were 

taken for each cross-section, one with the FITC filter, one with the Y5 filter. 

c
ro

s
s
-s

e
c
ti
o
n
 1

 

raw images no normalisation normalisation 

Figure 5-12: Comparison of thresholding with and without normalisation. The first 
column (a, d) displays raw images of two cross-sections from the same mechanically 
damaged muscle taken with a few hundreds of microns distance between each other. 
Yellow staining indicates ProY-positive (= dead) cells. The second column (b, e) 
displays the images following the segmentation process without normalisation to 
identify damaged cells (black colour) via thresholding. The majority of the second 
cross-section is classified as damaged when applying the threshold (e). The last 
column (c, f) displays the same images but with normalisation, showing similar amounts 
of damage across both cross-sections. Scale bar = 1000µm. 
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For analysis with FIJI/ImageJ, background signal was subtracted from each image. 

Next, FITC images were normalised by division with Y5 images of the same cross-

section. Images from the control area were then segmented and the mean intensity 

measured. The mean intensity across the six control samples was averaged and set 

as threshold for the indented samples (s. ñ5.5.4 Thresholding to identify ProY-positive 

cellsò). Following thresholding, the indented cross-sections were also segmented (for 

details s. ñ5.5.3 Segmentation of individual cells from cross-sectional images of 

skeletal muscle tissueò) and the remaining dead cells counted (s. ñ5.5.5 Particle 

Analysis to quantify ProY-positive cellsò). 

The image analysis workflow, including the normalisation protocol, seemed to identify 

cell death correctly across all three categories of damage. The sample appearing 

most heavily damaged (i.e. major ProY-positive staining) had an average dead cell 

count of n = 296 ± 67 dead cells. In the medium damage sample (i.e. minor ProY-

staining), n = 162 ± 50 dead cells were counted. The least damaged sample (i.e. very 

few ProY-positive cells) had an average of n = 49 ± 21 dead cells. Comparing the 

produced damage masks with raw ProY-stained images, areas of cell damage and 

intense ProY-staining appeared to overlap (Figure 5-13). 

One limitation of Y5 normalisation was the possibility of a slight shift of the microscope 

slide when changing between FITC and Y5 filters, potentially caused by the 

mechanical impact from the filter movement. Without precise overlap of both images, 

normalisation is impossible. However, this scenario was a rare exception as the 

microscope and its moving parts are well dampened to avoid any uncontrolled 

movement. 

With the normalisation process in place, the workflow seemed to be sensitive enough 

to identify dead cells across the full damage range expected from the experimental 

ex vivo setup. Normalisation of FITC-filtered images with Y5-filtered images was 

therefore added to the standard imaging workflow. 
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Figure 5-13: Representative images of the image analysis workflow including normalisation. In the top row are raw images of minimally 
(a), moderately (b), and heavily damaged (c) skeletal muscle cross-sections. The bottom row (d, e, f) displays the corresponding background 
subtracted, normalised, segmented, and thresholded images that enable dead cell counting. Good agreement between the ProY-positive cells in 
the raw (orange) and processed images (black) can be seen across all three damage levels. Scale bar = 1000µm 
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5.5.3. Segmentation of individual cells from cross-sectional 

images of skeletal muscle tissue 

Skeletal muscle contains not only myocytes but also small blood vessels, the endo-, 

peri-, and epimysium, fascia, and tendons among others. When the muscle is 

submerged in ProY, the stain highlights not only membrane impaired cells but also 

connective tissue structures. Hence, images should be segmented to enable 

exclusive analysis of myocyte-related ProY signal. 

5.5.3.1. Automatic thresholding with ImageJ 

First, segmentation operations available in FIJI/ImageJ were tested. Automatic 

thresholding is commonly used in cell counting protocols [338, 339, 348]. Compared 

to manual methods, it increases reproducibility, reduces the risk for bias and 

variability, and enables automatisation. Several methods are readily available in the 

ñAuto Thresholdò plugin in FIJI/ImageJ, for example the Isodata and Otsu algorithm.  

All automatic thresholds in FIJI/ImageJ were tested on a representative image of a 

control sample. Several algorithms produced images with lacking contrast or wrongly 

assigned parts of the muscle to the background; others correctly displayed the overall 

shape of the cross-section but were unable to identify single cell structures (Figure 

5-14a). Attempts to segment these images further into single cells through various 

combinations of filters and operations like ñwatershedò and ñfind edgesò failed to 

achieve the intended segmentation. This may be ascribed to the tight structure of 

skeletal muscle with touching fibres as well as weak contrast of the borders between 

cells. While the achieved detail may be sufficient to obtain a general threshold value 

from control samples, it is unsuitable for cell counting. Having the consistency across 

the analysis process in mind, the use of automated thresholds was therefore 

disregarded. 
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Figure 5-14: Segmentation of skeletal muscle cross-section. (a) Densely packed top 
and bottom areas of the cross-section are not separated into individual cells (all black) with 
the Otsu algorithm. On the right side of the cross-section, cells are falsely assigned to the 
background (white). (b) Segmentation with Cellpose algorithm successfully distinguishes 
single cells (black) throughout. Scale bar = 1000µm. Insets on top right corner display 
magnification of upper edge of samples for more detailed view. 

 

5.5.3.2. Segmentation algorithms 

Possible alternatives for segmentation are algorithms with a specific focus on 

segmentation of skeletal muscle tissue. Over the last decade, several approaches for 

the segmentation process of histologically and fluorescently stained muscle have 

been published [349ï358]. The majority is compatible with FIJI/ImageJ and freely 

available. However, upon testing, many programs were difficult to install, required 

extensive training of the underlying model, or needed specific staining combinations 

for successful segmentation. One algorithm that seemed promising was Cellpose 

[358], which has been trained and tested on various cell types and shapes. 

The suitability of Cellpose (v0.7) for image segmentation was tested on fluorescently 

stained skeletal muscle cross-sections (Figure 5-14b). The program was run through 

Google Colab to avoid issues with run speed caused by the large size of imaging files 

[359]. The GUI (graphical user interface) version was also downloaded to convert the 

files created in Colab into .png format for further processing in FIJI/ImageJ.  

a b 
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5.5.3.3. Running Cellpose 

Cellpose requires the input of an average cell diameter. This value is either estimated 

by the program on a per image basis or added by the user. As providing an average 

value speeded up the processing times considerably, cross-sections of n = 2 

mechanically damaged and n = 2 control samples were used to estimate an average 

cell diameter by Cellpose. The cell diameters averaged to 55.8 pixels (px), which was 

thereafter used as input for the program. 

For segmentation, the background-subtracted and normalised images were imported 

to Colab via Google Drive. The code was adjusted to run the ócytoô model to segment 

the cytoplasm from greyscale images with the previously defined average cell 

diameter. The script was run in batches of three images at a time to avoid 

disconnection caused by limited RAM capacities. The runtime for each batch was 

approximately 4-6min, excluding installation, import, and export times. Once the 

process was completed, the resulting files were saved in .npy format and downloaded. 

Each file was opened in the GUI before being saved as .png.  

5.5.3.4. Validation of Cellpose 

The segmentation process was validated on the same three samples as the 

normalisation procedure, representing no damage, minor damage, and heavy 

damage. For each sample, both indented and control areas with n = 6 cross-sections 

each were segmented, following the process described above. 

The segmentation algorithm seemed to work well across the cross-sectional area of 

both damaged and control samples (Figure 5-14b). Neither odd cell shapes in heavily 

indented areas nor strong ProY-staining impaired the quality of the segmentation. 

Minor problems arose in blurry areas, where cells were either segmented in larger 

groups or divided incorrectly. This can be avoided by visual assessment of out-of-

focus areas during imaging. Alternatively, additional membrane stains like laminin 

could be used in the future to visualise cell borders more clearly instead of relying 

solely on autofluorescence signal. Nevertheless, potential small deviations from the 

true segmentation were considered a minor drawback seeing as the cell-death count 

for each sample was averaged across six individual cross-sections. 

Another source of error in the segmentation process was the tendon visible in several 

images (Figure 5-15). Whilst the algorithm could distinguish small ProY-stained 
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connective tissue structures and vessels from myofibers, the size and shape of 

tendons was seemingly more difficult to differentiate. With the strong ProY-signal 

transmitted by tendons, considering them as myofibers could skew the cell death 

count. It was therefore necessary to manually remove large tendons from cross-

sectional images before the segmentation in Cellpose. 

Overall, the Cellpose algorithm segmented individual cells in both control and 

indented samples successfully. It was integrated into the standard image analysis 

procedure. 

  

5.5.4. Thresholding to identify ProY-positive cells 

Thresholding describes the process of dividing the pixels of an image into foreground 

and background, creating a binary image. In this project, greyscale values above a 

certain threshold represent ProY-positive cells and would therefore be considered 

foreground, while everything below turns into background. 

Setting the threshold value for each image manually has several limitations. The 

reproducibility of this process is very low. It also has a high risk for bias, high intra- 

Figure 5-15: ProY-stained tendon structure (blue arrow). High collagen content 
makes tendon structure strongly fluorescent after ProY-staining. Segmentation with 
Cellpose might not be able to distinguish it from skeletal muscle cells, leading to potential 
errors when counting the number of dead cells. Tendon structures were therefore 
manually removed from images prior to segmentation. Scale bar 1000µm. 
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and inter-user variability, and is incompatible with (semi-)automatic processing [344, 

360]. Instead, an objective process was needed to obtain suitable threshold values. 

5.5.4.1. Thresholding with autofluorescence controls 

In the past, researchers used unstained muscle samples to determine the 

autofluorescence signal of skeletal muscle tissue [264, 316]. This then served as 

threshold to single out Procion-positive cells in the intervention group. A similar 

attempt was made in this project to define the autofluorescence intensity of muscle 

samples which could serve as ProY threshold.  

After isolating n = 2 SOL muscles from a Sprague-Dawley rat, each sample was 

processed into six cross-sections (s.ò4.3.4 Tissue processing through formalin fixation 

and paraffin embeddingò). Each section was imaged with an FITC and a Y5 filter on 

a Leica SP8 system, as described under ñ5.5.2 Image normalisation for ProY-

stainingò. Next, background subtraction, normalisation, and segmentation were 

performed before measuring the average intensity of the segmented images. Their 

mean value was used as threshold level on a representative set of mechanically 

damaged cross-sections (s. Figure 5-12) and their controls to gauge the effectiveness 

of the threshold.  

The average intensity of the unstained samples measured with the FITC filter was  9.5 

± 1.19 [a.u.]. When applying this threshold to the representative dataset, the majority 

of the muscle cross-sections lay above the threshold, although damage was visibly 

restricted to a small area (Figure 5-16b). The same was true for the respective control 

samples which originally displayed no obvious ProY-staining but had vast areas 

classified as above the threshold.  

These results indicate that the intensity threshold obtained from unstained samples 

was not universally applicable to either mechanically damaged muscle or control 

samples. Overall, intensity measurements of unstained samples were unable to 

differentiate between ProY and autofluorescence signal.  
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Figure 5-16: Thresholding of skeletal muscle cross-sections. (a) raw image with ProY-positive cells in orange. (b) unsuccessful 
thresholding with value obtained from unstained, autofluorescence samples, classifying the full muscle as ProY-positive (black). (c) successful 
thresholding with value obtained from stained control samples. Only cells indicating orange staining in raw image classified as damaged 
(black). Scale bar = 1000µm. 
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5.5.4.2. Comparison of intensity measurements from unstained and 

stained samples 

To get a better understanding of the cause for the failed intensity thresholding with 

unstained samples, the images of the preliminary thresholding study were analysed 

further. Average intensities of FITC-filtered images were compared for each group 

(unstained control, stained control, stained damage). Further spectral analysis was 

performed to compare an additional set of unstained (n = 2) and stained (n = 2) 

muscles. The samples were processed into cross-sections and ROI were imaged on 

the Leica SP8 system with 10x magnification and an excitation wavelength of 488nm. 

The spectral response was recorded from 500nm ï 735nm em in 15nm intervals and 

compared between the stained and unstained group.  

Quantitatively, stained control tissue appeared 1.4-fold brighter than the unstained 

autofluorescence samples. The spectral analysis of the added samples showed a 

similar trend: stained controls produced a higher fluorescence response across the 

full emission spectrum compared to the unstained group (Figure 5-17). 

 

Figure 5-17: Emission spectrum of unstained and ProY-stained skeletal muscle cross-
sections. Data was compiled from n = 2 unstained and n = 2 stained muscles from Sprague-
Dawley rats. Multiple ROI on each cross-section were imaged at 488nm ex. Intensity 
measurements were taken at wavelengths of 500ï735nm in 15nm intervals. Average intensity 
levels of the stained samples (orange) were always above those of the unstained samplesô 
autofluorescence (grey).  
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One possible explanation for the difference between stained and unstained controls 

is nonspecific ProY-staining. While the stain fully penetrates cells with membrane 

damage, it might still attach to undamaged structures or cause partial staining through 

electrostatic absorbance or hydrophilic and hydrophobic interactions. For successful 

thresholding, this problem of intensity differences between the autofluorescence of 

unstained samples and the higher signal of ProY-stained controls needs to be 

addressed. 

Nguyen et al. [315] observed a similar phenomenon in their experiments with Procion 

staining. They circumvented this issue by adding a fibre specific fluorescence 

measurement assay on top of the standard counting procedure. However, this means 

that additional resources, time, and staining procedures would be needed. 

Alternatively, the higher signal from ProY-stained samples could be compensated by 

offsetting the threshold value of the autofluorescence samples. However, tissue 

samples have a high inherent biological variability. Defining a universal offset value 

might therefore be difficult. Other researchers have reported similar issues with high 

tissue-to-tissue variation of autofluorescence levels, making global thresholding 

approaches nearly impossible [344]. A different approach that allowed for more 

targeted thresholding without the bias of manual operations was therefore needed. 

5.5.4.3. Thresholding with stained control samples 

Instead of determining the autofluorescence signal, the control slides of each sample 

could be used for thresholding. Samples were taken from the periphery of the muscle, 

outside the mechanical loading zone. As samples were only separated after the 

intervention, each control was treated identically to the intervention group. Using 

control slides for thresholding would therefore reduce biological and technical 

variability and take potential other sample-specific damage into account, i.e. from an 

extended experimental duration or the staining procedure. 

The non-damaged, medium damaged, and highly damaged samples described in 

ñ5.5.2.5 Validation of Y5 normalisation for the image analysis of ProY-stained muscle 

samplesò were used to test the suitability of stained controls for thresholding. Each 

control image was background subtracted, normalised, and segmented. The mean 

intensity of the segmented area was then obtained with FIJI/ImageJ. A total of n = 6 

control sections were analysed to determine the average intensity level. The defined 

value was then used as threshold for the corresponding indented samples. 
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For all three samples, thresholding with control samples seemed to be successful. 

The thresholded images were in good agreement with the raw images regarding both 

the amount and location of cells identified as ProY-positive (Figure 5-16c). Hence, 

the thresholding procedure for this imaging protocol was based on sample-specific 

control samples. 

5.5.5.  Particle Analysis to quantify ProY-positive cells 

The last step in the image analysis workflow was to determine a quantitative number 

of ProY-positive cells per cross-section. For this, all previously described processes 

for background subtraction, normalisation, segmentation, and thresholding were 

combined to create two types of images: The first was an image clearly distinguishing 

all cells within the cross-section; the second was an image representing all areas with 

ProY-positive staining. By overlaying both images, individual cells with ProY-positive 

staining can be identified. 

5.5.5.1. Preparation of an image of individual ProY-positive cells 

To obtain an image representing a segmentation of the individual cells within a cross-

section, the .png files created in the segmentation process with Cellpose (s. ñ4.4.3. 

Segmentation of individual cells from cross-sectional images of skeletal muscle 

tissueò) were converted into FIJI/ImageJ masks with the LabelsToROIs plugin [361]. 

Images were imported as ImageJ ROI and the area of each ROI reduced by 2px 

around its outline to ensure full separation of individual cells. The resulting ROI were 

added to a blank image with the same dimensions as the thresholded image to be 

segmented. Next, the ROI image was flattened, made binary, and holes filled to create 

a mask with black cells on white background (Figure 5-18b). This image was then 

combined with the thresholded image (Figure 5-18c) through the MIN operator to 

create the clear cell segmentation of damaged cells needed for further processing 

(Figure 5-18d). 
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5.5.5.2. Automated particle analysis 

Particles within the fully thresholded and segmented image were counted 

automatically with the ñparticle analysisò function in FIJI/ImageJ. A suitable minimum 

size and roundness had to be defined to exclude unwanted objects like stained debris 

from the analysis without disregarding small and odd shaped cells. For this, the 

relationship between both parameters and the number of particles identified was 

determined for three mechanically indented cross-sections. First, the minimum size 

(area) was increased from 200 px2 to 500 px2 in 50px2 increments at a constant 

circularity of 0.25. Then the size remained constant at 250px2 and the circularity was 

increased from 0.1 to 0.7 in 0.1 steps. 

 

Figure 5-18: Preparation of fluorescently stained muscle cross-section for particle 
analysis. a) Original image after background subtraction and conversion to greyscale. 
Light grey areas indicate ProY-positive staining for dead cells. b) Segmentation of cells 
from image A after use of Cellpose algorithm and LabelsToRoI plugin in FIJI/ImageJ. c) 
Thresholding of image A with threshold value obtained from corresponding control tissues. 
Remaining structures (black) indicate ProY-positive staining. d) Combination of images B 
and C with MIN operator in FIJI/ImageJ. ProY-positive cells (black) are clearly 
distinguishable. Scale bar 200µm. 

a b 

c d 
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When increasing the size, the number of particles detected decreased proportionally 

(Figure 5-19). This strong relationship was observed across all samples (R1 = 99.15, 

R2 = 99.58, R3 = 98.91). Similarly, the number of particles reduced linearly with 

increasing circularity (R1 = 96.26, R2 = 93.87, R3 = 97.60) (Figure 5-19).  

For this project, the difference in cell death counts between samples is important, 

whereas the absolute numbers are less relevant. Considering that both circularity and 

particle size were proportional to the number of particles identified, the choice of the 

value for each parameter is secondary, if it is kept constant across samples.  

The following parameters were chosen: A size of 250px2 correlated almost exactly 

with the predicted linear regression lines for all samples and visibly removed debris 

while keeping smaller cells; A circularity of 0.3 ï 1.0 correlated well with the linear 

regression model of each sample. It also preserved deformed cells at the indentation 

site while removing smaller debris and superficial staining of tendons and fascia.  

Despite the careful choice of parameters for the particle analysis process, a chance 

for error remained. Some cells might be smaller than the defined size; and cells that 

are only partly above the threshold might be excluded from analysis or counted twice. 

This is attribute to the semi-automated nature of the process, which was prioritised 

over potential small errors in the analysis. Additionally, the effect of such errors will 

be minimised by obtaining average cell death counts from six cross-sections for each 

sample rather than just one. 
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5.5.6.  Overview over the image analysis workflow 

A robust analysis workflow was developed to quantify fluorescently stained skeletal 

muscle cells from full tissue cross-sections (Figure 5-20). A thorough description of 

each step with corresponding validation was deemed necessary considering the 

sparse information on image analysis of ProY-stained skeletal muscle tissue in the 
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Figure 5-19: Dependence of particle analysis algorithm on input parameters. 
Automated particle analysis was performed with FIJI/ImageJ on three ROI of mechanically 
damaged skeletal muscle cross-sections. The first figure shows the number of particles 
identified when increasing the minimum size (area). All samples display a strong, negative 
linear relationship. The second figure displays the number of particles identified across the 
same three samples when increasing the circularity measure                                                
(circularity = 4  ́(area/perimeter^2). All samples show a strong, negative linear relationship. 
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literature. By developing a set workflow that applies to all samples across the different 

experimental conditions, bias was reduced. The automatisation of each step further 

improved the objectivity of the analysis. 

 

Figure 5-20: Image analysis workflow to quantify sarcolemmal damage in ProY-stained 
skeletal muscle cross-sections. 

The main analysis steps are background subtraction, normalisation, segmentation, 

thresholding, and particle analysis. All processes were adjusted to ProY-stained 

images and validated on images from samples representing the full spectrum of the 

planned experiments, including controls, as well as undamaged, mildly damaged, and 
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heavily damaged mechanically loaded samples. A detailed description of each step 

is provided in Appendix F. 

5.6. Limitations of the image analysis workflow 

Despite setting up a robust image analysis workflow with little potential for bias, 

several limitations remain. The first step in the workflow requires the images to be 

compressed from 24-bit to 8-bit. Thus, a part of the information and image detail will 

be lost. While this process would ideally be avoided, it is necessary for further analysis 

with certain operational functions in FIJI/ImageJ like thresholding. One advantage is 

that 8-bit files have a reduced size, making the analysis process less computationally 

expensive. 

Another drawback is the semi-automated nature of the analysis process. While 

operations are applied in an automated fashion, i.e. through Cellpose or FIJI/ImageJ, 

many steps still require manual input, which is a source for human error. This also 

means that the image analysis is time consuming. On top of that, frequent storage of 

images and other files is needed at different stages, making high computing power 

and storage capacities essential. Nevertheless, a semi-automated process with 

thorough validation is still preferred over a subjective process without background 

corrections, normalisation, and automated cell counting. 

5.7. Chapter summary 

This chapter described the development of a robust workflow to quantify sarcolemmal 

damage in fluorescently stained skeletal muscle cross-sections. First, image 

acquisition parameters were optimised for a Leica SP8 system with a DMI8 

microscope. Suitable settings to image ProY-stained slides were identified, including 

a light source intensity of 2, gain level 3, and integration time 1s (for FITC filter) and 

4s (for Y5 filter). Further best-practice guidelines were defined, like in-focus imaging 

and minimising photobleaching. With the right settings in place, full cross-sections 

were scanned consecutively with an FITC and Y5 filter. Once the resulting TIFF-files 

were exported to FIJI/ImageJ, further analysis could be performed.  

The developed analysis workflow is based on recommendations for good practice in 

quantitative fluorescence imaging [322, 325, 334, 362], like reducing bias, validating 

processes, and providing thorough descriptions of the equipment and methods. 

Compared to existing methodological approaches for analysis of ProY-stained 
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samples, additional steps were considered and validated for their suitability; for 

example, a normalisation protocol was included as well as cell segmentation with 

Cellpose. This allows for a semi-automated quantification of fluorescently labelled 

cells. It also reduces the risk for bias introduced in commonly used ProY analysis 

protocols and produces robust outcomes, independent from the intervention. By using 

open-source software, the workflow is easy to replicate and adjust for other 

applications beyond the quantification of dead cells in transversely loaded skeletal 

muscle tissue.  
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6 CHAPTER 6  

 

Development of a Finite Element model to study 

transverse compression of ex vivo skeletal muscle tissue 

 

This chapter replicates the transverse compression of ex vivo skeletal muscle tissue 

with Finite Element Analysis (FEA) to estimate the mechanical environment within 

isolated muscles during indentation experiments (Objective 3). A parametric study 

was also performed to assess the influence of muscle geometry on the mechanical 

environment within the samples. 

The FEA was performed by the author with support from Prof. Erkan Oterkus and 

Prof. Selda Oterkus on the general use FEA.  
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6.1. Introduction to contact mechanics 

The role of computational modelling in health-related research is becoming 

increasingly important. Traditional structure and fluid mechanics methods like Finite 

Element Analysis (FEA) and computational fluid dynamics (CFD) are now applied to 

the human body to simulate mechanical and (patho-)physiological processes like the 

development of Deep Tissue Injuries (DTI).  

The majority of pressure injury research is laboratory work and clinical studies. 

Different sensory systems and imaging modalities like pressure sensors [363, 364] or 

MRI [27, 140] provide macro-scale information on the biomechanical environment. 

However, DTI forms in deep tissue structures, starting with micro-scale damage [61]. 

When looking at biological samples in vivo, deep tissue imaging and sensing with high 

resolution present a major challenge. Biological variability, ethical restrictions, cost, 

and limited resources also restrain the extent and reproducibility of these 

experiments. 

Researchers therefore commonly rely on computational modelling to link 

physiological and mechanical data from micro-scale in vitro studies to a clinical 

context. In the past, Finite Element (FE) modelling has been used to estimate loading 

conditions and damage thresholds in cell and animal experiments [34, 212]. The 

results were translated to human subjects i.e. to estimate the DTI risk for transtibial 

prosthetic users [31, 36, 77, 79]. 

To investigate potential soft tissue damage from prosthesis-related loading further, an 

ex vivo pressure injury model was developed (Chapter 4). Like other studies in this 

field [33, 81], the proposed model represents a classic indentation problem. The setup 

consists of an indenter being lowered onto a substrate, applying a defined force. Most 

often, indentation experiments record the material response to the mechanical loads, 

helping to characterise material properties [365ï367]. For this project, the indentation 

setup was used to apply transverse compression to isolated hindlimb muscles of 

Sprague-Dawley rats to mimic prosthetic use. 

In engineering, such experiments fall under the category of contact mechanics. The 

focus of contact mechanics is to evaluate the deformation of solid bodies touching 

each other. Hertz [368] and Boussinesq [369] were among the first to solve contact 

problems analytically. They assumed that a rigid indenter with radius a is lowered onto 
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an elastic half space with a thickness of ᾀ π. The indenter was commonly either 

flat-ended or spherical. 

6.1.1. Spherical indentation of a semi-infinite half space 

Hertzô contact mechanics give an analytical solution for the deformation, stresses, and 

strains within a half space under spherical indentation (Figure 6-1) [368, 370].  

 

Figure 6-1: Normal indentation of an elastic half-space by a rigid spherical indenter. ╕╝: 
applied normal force; R: radius of indenter; E: elastic modulus; ⱨ: Poissonôs ratio; d: indentation 
depth; z, r: coordinates. 

According to Hertz, the maximum pressure ὴ in the half space can be calculated as 

▬
╕╝╔z

Ⱬ╡
        ( 6-1 ) 

with Ὂ  as the applied normal force, Ὑ as the radius of the indenter and Ὁᶻas the 

effective elasticity modulus, which is given as: 

╔z

ⱨ

╔

ⱨ

╔
       ( 6-2 ) 

Ὁ and Ὁ are the Youngôs moduli of the two bodies, ’ and ’ their Poissonôs ratios. 

Since its publication in 1882, Hertzô contact theory has been refined to accommodate 

deviations from the original assumptions. Ning et al. [371] for example adjusted the 

analytical solution to apply to thin layers rather than a semi-infinite half space. Gefen 

et al. [33] used this adaptation to estimate the strain field in skeletal muscle under 

transverse mechanical loading with a round indenter. When applying a round indenter 

to a substrate, the deformation and therefore the strain field throughout the sample is 

non-uniform. Gefen et al. utilised this effect to observe the circular development of 



- 155 - 
 

cellular damage in their muscle samples over time and related it to the calculated 

deformation ratios.  

However, round indenters are less favourable for the experiments proposed in this 

project. With the whole indentation area being used for analysis, it would be difficult 

to assign cross-sections to specific deformation ratios. In the dynamic loading 

scenario, the change in contact radius would also lead to different loading frequencies 

on cells throughout the indentation area. A round indenter therefore seemed 

unsuitable for the proposed experiments. 

6.1.2.  Flat indentation of a semi-infinite half space 

Compared with a round indenter, a flat shape (Figure 6-2) produces a uniform 

displacement of a substrate. The contact area thereby remains constant. Indentation 

problems with a flat rigid indenter of radius ὥ on an elastic half-space ᾀ π has been 

described in Boussinesqôs theory [369]. It reduces the contact force to a concentrated 

normal force Ὂ  in the middle of the indenter. Sneddon [372] and Popov [373] 

proposed two popular analytical approaches to solve the Boussinesq problem. 

 

Figure 6-2: Normal indentation of an elastic half-space by a rigid flat indenter. ╕╝: applied 

normal force; a: radius of indenter; d: indentation depth; E: elastic modulus; ⱨ: Poissonôs ratio, 
z, r: coordinates. 

According to Sneddon [372], the deformation Ὠ caused by Ὂ  is given by  

▀
╕╝ ⱨ

Ⱨ╪
       ( 6-3 ) 

with the shear modulus ‘ as a function of the elastic modulus E. 
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Ⱨ
╔

ⱨ
        ( 6-4 ) 

The pressure distribution under the indenter can then be calculated as: 

Ɑ◑◑►ȟ
Ⱨ▀

Ⱬ ⱨ
╪ ►  , ► ╪  ( 6-5 ) 

An alternative method to solve the Boussinesq problem is the method of 

dimensionality reduction (MDR) by Popov [373]. The deformation can be calculated 

as: 

▀
╕╝

╔z╪
        ( 6-6 ) 

The stress distribution in the contact area is given by: 

Ɑ◑◑►ȟ▀
╔z▀

Ⱬ ╪ ►
 ,  ► ╪    ( 6-7 ) 

However, the assumption of a semi-infinite half space does not represent the 

proposed experiments; the isolated skeletal muscle tissue has a finite thickness of 

approximately 2mm, equal to the diameter of the indenter.  

Alternatively, researchers adjusted the existing analytical solutions to represent the 

indentation of a thin film or layer fixed to a rigid boundary [374, 375]. They defined a 

factor ‖ that can be added to the existing analytical solutions to account for geometric 

and material effects, as well as large deformation and friction. Since then, the ‖-factor 

has been used to describe the indentation behaviour of cartilage [376, 377], tendon 

[378], and foot plantar tissue [379].  

The ‖-factor has also been integrated in prosthetic research. Portnoy et al. [81] 

applied an analytical approach to assess the influence of different tissue parameters 

on soft tissue deformation. The tibia was thereby assumed as the indenter that 

compresses the soft tissue envelop onto the rigid socket. Using an analytical 

approximation rather than a more complex FE model simplified the integration into 

clinical monitoring systems to generate real-time data. 

Despite adding the ‖-factor for the indentation of thin layers, it remains difficult to 

describe the proposed experiments of this project with an analytical solution. Instead 

of a rigid surface, the muscle is compressed onto a deformable silicone layer, which 
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may alter the deformation of the muscle substrate. Additionally, muscle exhibits 

viscoelastic material properties, which are not considered in the simplified analytical 

solutions. It was therefore necessary to develop an FE model to investigate the 

loading conditions within the skeletal muscle samples during the proposed indentation 

experiments. 

6.2. Aims of finite element analysis 

To tap into the full potential of the proposed experimental work, the link between the 

mechanical loading conditions and the cellular damage observed within the ex vivo 

pressure injury model needs to be established. The aim was therefore to develop an 

FE model of the transverse mechanical loading experiment.  

The multi-layered FE model incorporated the indenter, skeletal muscle, and silicone 

layer that covered the bottom of the Petri dish during the experiments. Furthermore, 

the effect of changes in the muscle geometry was assessed as an indication for the 

influence of biological variability on numerical results. 

Beyond the specific project application, the proposed FE model can be the basis for 

any future research that relies on information on stresses and strains within 

transversely compressed biological material.  

6.3. Development of a finite element model of transverse 

mechanical indentation of skeletal muscle 

6.3.1.  Definition of material properties for muscle, indenter, and 

silicone 

6.3.1.1. Material properties of the flat punch indenter 

All FE simulations were performed in Ansys (Ansys Workbench 2021 R2). The 

indenter was modelled as rigid body by assigning linear elastic properties with a high 

Youngôs modulus (Ὁ ςππὋὖὥ) and Poissonôs ratio equivalent to steel (‡ πȢσ).  

6.3.1.2.  Material properties of the muscle layer 

The muscle was considered as nearly incompressible (‡ πȢτωυ). Its mechanical 

properties were taken from Bosboom et al.ôs study [171] passive, transversely 
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compressed tibialis anterior muscle of rats. They fitted a first-order Ogden model, 

which can be described as  

╦
Ⱨ

♪
ⱦ♪ ⱦ♪ ⱦ♪      ( 6-8 ) 

with ὡ as the strain energy function, ‘ and ‌ as material parameters, and ‗ as 

principal stretch ratios (ratio of the length of deformed element to corresponding 

undeformed element along principal axes). The elastic parameters were defined as 

‘ ρυȢφὯὖὥ and      ‌ ςρȢτ. A Prony series expansion was added to describe the 

viscoelastic behaviour of muscle under compression, according to the following 

formula: 

╢ ♯
⸗╦
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♯
⸗╦

⸗╔
▄ ◄Ⱪ Ⱳ▀Ⱪ

◄

   ( 6-9 ) 

where Ὓ is the second Piola Kirchhoff stress, Ὁ is the Green Lagrange strain, and ‏ 

and † are viscoelastic parameters. The viscoelastic parameters assigned by Bosboom 

et al. [171] were ‏ πȢυτω and † φȢπρί.  

6.3.1.3.  Material properties of the silicone layer 

To obtain the material properties of the silicone, indentation tests were performed. 

The Petri dishes used in the experiments were covered with a silicone layer of 8mm 

thickness. Each petri dish (n = 3) was inserted into the bottom of a material test 

instrument (Bose Electroforce 3100, TA Instruments). A 22N load cell was fitted to the 

top of the Bose with the same flat punch steel indenter (r = 1mm) used for the ex vivo 

experiments attached to it (s. ñ4.3.3 Mechanical loading ò). The system was allowed 

to stabilise for 30min before the indenter was lowered onto the silicone layer until a 

contact force of -0.01N was established. Next, compression with a maximum force of 

0.324N and loading rate of 0.01mm/s was applied whilst recording the displacement. 

The force was chosen according to the maximum load applied during muscle 

indentation experiments (s.ò7.3.2 Experimental setup for static loading experimentsò). 

In addition to the static testing, viscoelastic behaviour was assessed in a dynamic 

setup with the same overall maximum force and a sinusoidal load of either 1.42Hz or 

4Hz frequency (s. ñ8.3.2 Static and dynamic loading experimentsò) for 300 cycles. The 

tests were repeated three times for each Petri dish. 

The slow ramp compression revealed a strong linear relationship between load and 

deformation (R2 = 99.97% overall), suggesting linear elastic material behaviour. 
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Accordingly, stress („ and strain (‐ values were computed (Figure 6-3) to obtain an 

average Youngôs modulus of Ὁ σȢτς πȢςςὓὖὥ (s. Appendix G) based on the 

formula: 

╔
Ɑ

Ⱡ
         (6-10) 

The dynamic data supported the findings of the static analysis with no phase-lag 

between load application and deformation for both tested frequencies, which would 

indicate viscoelasticity (Figure 6-4). The silicone layer was therefore modelled as 

linear elastic material with a Youngôs modulus of Ὁ σȢτςὓὖὥ and Poissonôs ratio 

of ‡ πȢτωυ to mimic incompressibility. 

 

Figure 6-3: Representative results static testing silicone. Linear stress-strain relationship       
(R2 = 100%) recorded from indentation of 8mm thick silicone layer with flat punch. Loading 
rate was 0.01mm/s up to a maximum compressive force of 0.324N.  

 

Figure 6-4: Representative results dynamic testing silicone. Sinusoidal indentation of 
silicone layer with flat punch with max. force of 0.324N and frequency of 1.42Hz. 
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6.3.2.  Definition of geometry of the finite element model 

The indentation experiment has a 3D geometry with a flat indenter tip being lowered 

onto the muscle substrate. Running such a 3D analysis comes at high computational 

cost, making simplifications necessary. The 2mm diameter of the indenter and its 

radius of influence were significantly smaller than the 1.5-2cm length of the muscle. 

The length of the muscle specimen was therefore reduced to 8mm to replicate only 

the region beneath and immediately around the indenter. The thickness was set to 

2mm as measured during ex vivo experiments. The silicone layer had a thickness of 

8mm and was extended to a length of 20mm. To reduce computational cost even 

further, the setup was simplified to a 2D axisymmetric model that included only half 

the indenter, muscle, and silicone layer (Figure 6-5). A small radius (0.1mm) was 

added to the corner of the indenter. Removing the sharp edge improved the 

convergence of the contact between the indenter and muscle and avoids stress 

concentrations. It also kept the applied compressive stress from converging to infinity.  

 

Figure 6-5: Geometry and material properties of the axisymmetric 2D model for flat 
punch indentation.  
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The model was set up to confirm with the standard coordinate system, with the bottom 

left corner of the silicone layer at its origin (Figure 6-5). Accordingly, the movement 

of the indenter as well as the deformation of the substrates were in negative y-

direction. Resulting values like the directional deformation or normal stress would 

therefore be represented by a negative number with their true maximum regarded as 

minimum values by Ansys. To avoid confusion, these negative ñminimumò values will 

be considered as positive ñmaximumò in all following results and discussion sections. 

6.3.3. Creation of meshing for the finite element model 

For FEA, the geometry of a body is divided into smaller elements, defined by a finite 

number of nodes, for which partial differential equations are solved individually. Often, 

a mesh convergence study is performed to determine an element size that provides 

sufficiently accurate results while keeping computational expenses to a minimum. 

Typically, a finer mesh results in a more accurate result but also increases the 

computer power needed for solving.  

To create the mesh for the model, four-node quadrilateral elements with two degrees 

of freedom (DOF) were used under axisymmetric conditions. The elements of the 

indenter were created through face meshing with a refinement level of 3. With the 

elastic modulus of steel being over 4000 times larger than that of muscle            

(Ὁ σȢτςὓὖὥȟὉ τχὯὖὥ [171]), the indenter was regarded as a rigid 

body. Thus, the effect of further mesh refinement on numerical results was deemed 

minimal, making a mesh convergence study of the indenter obsolete.  

For the muscle and silicone layers, a mesh convergence study was performed. 

Through h-refinement with a factor of ‗ ς (splits each side of the element into two, 

creating four elements out of one), the element size of the mesh on the muscle and 

indenter was systematically reduced from τȢπ ρπm2 to φȢςυρπ m2 across four 

iterations. A compressive stress of 103kPa was then applied to the top line of the 

indenter (s. ñ6.3.6  Force applicationò) and the FE model solved. The following data 

was recorded for each iteration of mesh refinement: the number of elements for the 

muscle and silicone layer, the computing time for each solution run, and the y-

displacement of the indenter. The directional deformation calculated by Ansys was 

then mapped against the computational time of each iteration to find the optimal mesh 

size.  
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The results showed that, as expected, the y-displacement converged towards its true 

value with each iteration while the computational time increased (Figure 6-6). The 

difference between the displacement values of each iteration thereby decreased; the 

difference in displacement was 0.1052mm between the first and second iteration, 

0.0246mm between the second and third, and 0.0121mm between the third and fourth 

iteration. On the contrary, the computing time increased almost linearly (R2 = 99.78%) 

with the computing time of the fourth iteration (1543.94s) being over four times as 

long as that of the third iteration (364.22s).  

 
Figure 6-6: Mesh convergence study. The FEA model of a flat indenter compressing a 
muscle and silicone layer was solved with increasingly finer mesh size. The element size of 

the muscle and silicone layer was reduced from Ȣ m2 to Ȣ m2 in four 
iterations. Directional deformation in y-direction and computational time were recorded and 
plotted against the number of elements in the two layers. Computing time increased almost 
linearly (R2 = 99.78%), whereas the directional deformation converged towards its true value. 

Taking the results for both the y-displacement and computing time together, the model 

was regarded as sufficiently converged after the third iteration, after which no 

significant improvement in accuracy was observed whilst the computational time 

increased drastically. The element size at the third iteration was 2.5 x 10-9m2, creating 

35,200 elements across the muscle and silicone layer. The element size of                  

2.5 x 10-9m2 was therefore adapted for the muscle and silicone layer of the FE model, 

achieving a balance between computational expense and numerical accuracy (Figure 

6-7). 
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Figure 6-7: Meshing of the FE model. Overall geometry of the created three-component 
model with a close-up of the indenter, muscle, and upper corner of the silicone layer to show 
shape and size of quadrilateral elements. Face meshing was created on the indenter with level 
3 refinement; muscle and silicone layers have an element size of 2.5 x 10-9m2. 

6.3.4. Contact definition between indenter, muscle, and silicone 

layer 

To characterise the interaction of two bodies, contact parameters need to be defined. 

A frictionless, asymmetric surface-to-surface contact pair was defined between the 

bottom line of the indenter and the top line of the muscle. In line with similar 

indentation experiments [33, 212], frictionless contact was assumed with the 

physiological solution lubricating the muscle samples. The augmented Lagrange 

method was chosen as contact algorithm (Figure 6-8). Standard values for penalty 

tolerance and stiffness were adopted as given by Ansys with an update at each 

iteration. 
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Figure 6-8: Augmented Lagrange contact method. 
Iterative series of penalties where a contact ñspringò 
characterises the relationship between the target (red) and 
the contact (blue) when a force F is applied [380]. 

 

 

The contact between the bottom line of the muscle (target element) and the top line 

of the silicone layer (contact element) was modelled as ñno separationò condition. The 

nodes of the contact are bonded to the target surface in normal direction while 

allowing for sliding in tangential direction. The no-separation condition was introduced 

to simulate the fixation of the muscle to the silicone layer with pins as well as the 

extended muscle length that was not included in this axisymmetric model. 

6.3.5.  Boundary conditions  

To ensure that the FE model can be solved numerically, boundary conditions needed 

to be defined. The model was constrained in x-direction at the axis of symmetry 

(Figure 6-5) to account for the axisymmetry of the components. Additionally, a fixed 

support was added to the bottom of the silicone layer. It represents the attachment of 

the silicone to the Petri dish and prevents movement in x- and y-direction. The edges 

of the muscle were not restricted as parts of the muscle were freely deformable in the 

experimental setup. Although the muscles were pinned out in the periphery, this 

fixation was localised and distant from the modelled indentation area. Nevertheless, 

the restriction of muscle edges in x-direction was tested and had only minimal 

influence on numerical results of the standard FE model.  

6.3.6.  Force application 

Beside static boundary conditions, ANSYS allows for external load application in form 

of force, displacement, or pressure (i.e. direct stress) to the top line of the indenter to 

represent the indentation process. For the static loading scenario for example, a 

constant compressive stress can be added, while the dynamic scenario can be 

replicated with a mathematical function or tabular data. The exact values depend on 

the test scenario. For the studies performed as part of the FE model development, a 

static direct stress of 103kPa was applied to the top line of the indenter in negative y-
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direction. This value is at the top end of the range that would be tested in the 

experimental settings (s.ò7.3.2 Experimental setup for static loading experimentsò). 

6.3.7.  Analysis settings 

The final step of setting up an FE model is to define analysis settings. For the FE 

model development, the static direct stress was applied in one step over 1s. The 

number of initial substeps was defined as 100, with a minimum of 50 and a maximum 

of 1000 to reach convergence. A direct solver was chosen over an iterative approach, 

and the large deflection feature was activated to account for changes in stiffness 

caused by changes in shape. 

6.3.8.  Summary of setup for finite element analysis 

The transverse mechanical loading experiment of ex vivo skeletal muscle tissue (s. 

ñ4.8 Complete experimental procedureò) was translated into an FE model. It was 

simplified to an axisymmetric problem with a flat steel punch indenting a rectangular 

layer of skeletal muscle resting on a thick layer of silicone. The material model for the 

muscle was taken from literature [171] and considered non-linearity as described by 

a first order Ogden model (‘ ρυȢφὯὖὥ, ‌ ςρȢτ). It was extended with a Prony-

series to account for viscoelasticity (‏ πȢυτω, † φȢπρί). The material behaviour of 

the incompressible silicone layer was determined in indentation tests under static and 

dynamic conditions to characterise its linear elastic behaviour (Ὁ σȢτςὓὖὥ). A 

mesh-convergence study was also performed, determining an element size of 2.5 x 

10-9m2 as a balanced choice between accuracy and computational expense of the 

analysis. 

6.4. Finite element analysis of transverse mechanical loading 

of skeletal muscle tissue 

6.4.1. Method for finite element analysis and parametric study on 

the influence of muscle geometry  

With the FE model for the indentation of a skeletal muscle layer in place, FEA was 

performed, representing a static compression of 103kPa. Deformation, maximum 

principal compressive stress, and maximum shear stress were recorded to get an 
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indication for the general mechanical environment from a transverse mechanical 

loading experiment.  

Biological variability is a major concern for ex vivo experiments. One aspect is the 

muscle geometry. Hence, the influence of changes in muscle length and thickness on 

numerical results was assessed. First, the y-dimension of the muscle was adjusted 

from 4mm to 3mm to 2mm (overall change in width from 8mm to 6mm to 4mm). 

Second, the thickness of the muscle was reduced from 2mm to 1mm. The magnitude 

and distribution of axial deformation, maximum principal compression stress, and 

maximum shear stress were recorded. Graphical representations were normalised to 

the same scale for comparison. 

6.4.1. Results of the finite element analysis and parametric study  

6.4.1.1. Assessment of mechanical environment within transversely 

loaded skeletal muscle tissue 

Solving the FE model revealed that, in the muscle layer, the magnitude of deformation 

in y-direction decreases successively towards the silicone layer from >0.244mm in 

the superficial region to <0.041mm in the bottom layer (Figure 6-9a). The isolines of 

the different deformation values had a flat U-shape with almost horizontal direction 

underneath the indenter, turning into a nearly vertical pathway just outside its impact 

area. The maximum axial displacement of 0.276mm was predicted at the interface 

between indenter and muscle. 

Beside displacement, stress distributions and magnitudes were analysed. As 

described in ñ3.1.2 Fundamentals of mechanical loadò both maximum principal stress 

and maximum shear stress describe the same stress through a different coordinate 

system. The maximum principal stress is acting perpendicular to a sectional plane 

with zero shear stress. For this project, the maximum principal compression stress is 

of interest, which is the principal stress component representing the minimum value 

as compression is indicated by a negative sign. The maximum value of the maximum 

principal compression stress (248.72kPa) was observed around the edge of the 

indenter (Figure 6-9b,c). Underneath the indenter, the maximum principal 

compression stress was mostly uniform throughout the depth of the muscle with an 

average of 69.09kPa (range of 55.27 ï 82.91kPa) (Figure 6-9b).  
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The maximum shear stress (124.36kPa) was also observed at the edge of the 

indenter. Its maximum value as well as the maximum shear stress underneath the 

indenter was approximately half the principal compression stress with 34.55kPa on 

average (range of 27.64 ï 41.45kPa) (Figure 6-9c). This reflects the ñidealò scenario 

of a uniaxial loading condition (ñ3.1.2 Fundamentals of mechanical loadò ), indicating 

that the compressive load applied by the indenter produces a compressive stress field 

throughout the sample with minimal stresses in x-direction. The shear stress 

magnitude increased around the bottom half of the muscle midline to an average of 

48.41 (range of 41.54 ï 55.27kPa). 

 
Figure 6-9: Representative FE calculation of axial deformation, maximum compression 
stress, and maximum shear stress in rat skeletal muscle. Axisymmetric model showing a 
flat indenter compressing a muscle onto a silicone layer with a direct stress of 103kPa. The 
dimensions of the silicone layer exceed those shown in the images. Maximum axial 
deformation and principal stress values marked with * are technically minimum values as the 
deformation of the muscle specimen took place in negative y-direction. (a) axial deformation 
in Y-direction with a maximum displacement of 0.276mm; (b) principal stress with a maximum 
of 248.72kPa; (c) shear stress with a maximum of 124.36kPa. 

6.4.1.2. Influence of change in muscle width on numerical results 

When changing the width of the muscle from 8mm to 6mm to 4mm at a constant 

thickness of 2mm, axial deformation, maximum principal compression stress, and 

maximum shear stress remained almost constant (Table 6-1). The difference in the 

maximum axial deformation was marginal with the change between the 8mm and 

4mm width being less than 1% (2.34 x 10-3mm). Similarly, the deformation field 

underneath the indenter was almost identical for all muscle widths with a successive 
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decrease in deformation values towards the silicone layer from >0.244mm to 

<0.041mm (Figure 6-10a-c). The isolines of the different deformation values also all 

displayed a flat U-shape with almost horizontal direction underneath the indenter.  

The maximum principal compression and shear stress values were only minimally 

affected by the change in muscle width. The maximum principal compression and 

shear stress both reduced by 1.56% (3.88kPa and 1.94kPa) between the 8mm and 

the 4mm width (Table 6-1). These values were observed around the edge of the 

indenter (Figure 6-10d-i). The principal compression stress fields underneath the 

indenter remained mostly homogeneous with the same average of 69.09kPa for all 

shapes (Figure 6-10d-f). The shear stress also showed a similar distribution across 

all samples with magnitudes of 34.55kPa towards the edges of the indentation field 

and 48.41kPa towards the centreline (Figure 6-10g-i). 

Table 6-1: Change in stress and deformation calculated by FE model with different 
muscle widths. A muscle specimen was modelled to be compressed between a flat ended 
indenter and a silicone layer. When decreasing the width from 8mm to 6mm to 4mm at a 
constant thickness of 2mm, maximum axial deformation, principal stress, and shear stress all 
remained almost constant (approx.1% change in magnitude). Maxima marked with * are 
minimum values as the deformation of the muscle specimen took place in negative y-direction. 

Muscle 
width 

Maximum* axial 
deformation [mm] 

Maximum* principal 
stress [kPa] 

Maximum shear 
stress [kPa] 

8mm 0.27578 248.72 124.36 

6mm 0.27722 247.23 123.62 

4mm 0.27812 244.84 122.42 
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Figure 6-10: Representative FE calculation of axial deformation, normal stress, and 
shear in compressed rat skeletal muscle with different widths. Model showing a flat 
indenter compressing a muscle onto a silicone layer with a direct stress of 103kPa. Because 
of the axisymmetry of the model, the overall widths were 8mm (a, d, g), 6mm (b, e, h), and 
4mm (c, f, i). The images show only a section of the full model for better visibility, the 
dimensions of the silicone layer exceed those shown in the images.  
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6.4.1.3. Influence of change in muscle thickness numerical results 

Reducing the thickness of the muscle sample from 2mm to 1mm at a constant width 

of 8mm almost halved the maximum axial deformation from 0.276mm to 0.153mm 

(Table 6-2). The overall distribution of the isolines for axial deformation was taking a 

flat U-shape (Figure 6-11a, b), as described in ñ6.4.1.2 Influence of change in muscle 

width on numerical resultsò. Like the thicker muscle, the magnitude of the deformation 

in the thinner muscle decreased towards the silicone layer from >0.142mm to 

<0.041mm. 

Table 6-2: Change in stress and deformation predicted by FE model with different 
muscle thicknesses. A muscle specimen was modelled to be compressed between a flat 
ended indenter and a silicone layer. By decreasing the thickness from 2mm to 1mm at a 
constant width of 8mm, the maximum axial deformation as well as the maximum principal and 
shear stress decreased. Maximum values marked with * are technically minimum values as 
the deformation of the muscle specimen took place in negative y-direction. 

Muscle 
thickness 

Maximum* axial 
deformation [mm] 

Maximum* principal 
stress [kPa] 

Maximum shear 
stress [kPa] 

2mm 0.27578 248.72 124.36 

1mm 0.15346 201.29 100.64 

 

The maximum principal compression stress and shear stress both decreased by 

19.07% (47.43kPa and 23.72kPa respectively) when reducing the thickness from 

2mm to 1mm (Table 6-2). These maximum values were found near the edge of the 

indenter (Figure 6-11c-f). Reducing the thickness also introduced some 

inhomogeneities into the stress fields with additional areas of higher principal 

compression stress towards the midline of the muscle. The average stress thereby 

increased by 27.63kPa from 69.09kPa to 96.73kPa (range of 82.91 ï 110.54kPa) from 

the thicker to the thinner muscle (Figure 6-11c, d). The shear stress field on the other 

hand was more homogenous at a thickness of 1mm. Its magnitude averaged to 

48.36kPa (range of 41.45 ï 55.27kPa) for the majority of the muscle area underneath 

the indenter (Figure 6-11e, f) compared to 34.54kPa at a thickness of 2mm. 
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Figure 6-11: Representative FE prediction of axial deformation, maximum principal 
compression stress, and maximum shear stress in rat skeletal muscle with different 
thicknesses. Axisymmetric model showing a flat indenter compressing a muscle with an 
overall thickness of 2mm (a, c, d) and 1mm (b, d, f) onto a silicone layer with a direct stress of 
103kPa. The images show only a section of the full model for better visibility, the dimensions 
of the silicone layer exceed those shown in the images.  

6.4.2.  Discussion on finite element analysis of a transverse 

indentation experiment 

6.4.2.1. Mechanical environment within transversely compressed 

skeletal muscle tissue 

Based on the determined model parameters, FEA of a static indentation scenario with 

a direct compressive stress of 103kPa was performed. The results revealed a 

gradually degrading axial deformation of the skeletal muscle in y-direction with almost 
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horizontal isolines underneath the indenter (Figure 6-9a). The magnitude of maximum 

shear and principal compression stresses were thereby mostly uniform across the 

whole thickness of the muscle with changes only seen towards the edge of the 

indenter (Figure 6-9b, c). This indicates that transverse compression creates an 

almost homogeneous mechanical environment in the muscle layer underneath the 

indenter. It therefore seems appropriate to take cross-sections from the whole 

indentation area to determine a collective cell death number, as described in ò4.3.4 

Tissue processing through formalin fixation and paraffin embeddingò. 

The stress and deformation graphs (Figure 6-9) also showed that the indentation had 

almost no influence on the mechanical environment in the periphery of the muscle 

layer. Areas outside the direct impact zone should therefore not experience any 

mechanical effects of the indentation. From an engineering point of view, it is hence 

acceptable to use areas peripheral to the indentation site as control samples, as 

suggested in ñ4.7.1 Method for Live-or-Dye and Procion Yellow MX4R stainingò. 

When comparing shear to principal compression stress magnitudes, the estimated 

maximum of the compressive stress was twice as high as that of the shear component 

(Figure 6-9). The general principal compression and shear stresses in the muscle 

layer underneath the indenter showed a similar tendency: the compressive stress was 

at least 1.5-times, if not two-times higher than that of the shear component. It therefore 

seems likely that compression rather than shear would be the main cause of cellular 

damage in the indentation area.  

The FE model also illustrated that the average magnitude of principal compression 

stress in the muscle below the indenter was only approximately two-thirds that of the 

direct stress (69kPa vs 103kPa) (Figure 6-9). Thus, the applied load does not 

represent the mechanical environment within the muscle layer. Instead, the 

developed FE model could be used to predict the average compressive stress within 

the muscle model when interpreting future experimental results.  

6.4.2.2. Influence of geometric variability on results of finite element 

modelling 

The influence of biological variability on the FE results was tested with a focus on 

potential differences in geometry of the skeletal muscle layer. The effect of a reduced 

muscle width on the stress field underneath the indenter was thereby minimal. Stress 

distribution patterns for both compression and shear stresses were almost identical 
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(Figure 6-10) and their maximum values differed by less than 2% (Table 6-1). The 

influence of muscle width on computational results can therefore be regarded as 

insignificant when the muscle width exceeds the diameter of the indenter. 

Reducing the muscle thickness, on the other hand, had a greater impact on the 

mechanical environment. Maximum stress values decreased by 19% (Table 6-2) in a 

thinner muscle. However, these maximum values were confined to the edges of the 

indented area. On the other hand, both compression and shear stress displayed an 

increasing area of higher stress levels (38% increase in stress levels) in the muscle 

layer underneath the indenter (Figure 6-11). It should be noted that this effect was 

achieved by reducing the muscle thickness by half, representing a case of significant 

biological variability. Variability of this scale should be avoidable through careful 

experimental design, i.e. by using the same age and sex of animals that have been 

kept under almost identical conditions. Deviations of the predicted mechanical 

environment from the real values can therefore hopefully be kept to a minimum. 

6.4.3. Limitations of the finite element model and preliminary 

studies 

One limitation of FEA for biological applications is the need to express material 

behaviour through mathematical models. While linear elastic material responses like 

for steel are easy to predict, the complex behaviour of soft tissue is difficult to 

reproduce. The skeletal muscle tissue was modelled according to the results of a 

static compression study on rat muscle by Bosboom et al. [171]. They tested the 

tibialis anterior of Brown Norway rats under in vivo conditions rather than soleus and 

extensor digitorum longus muscles of Sprague-Dawley rats as in the proposed ex vivo 

experiment. Nevertheless, the material model by Bosboom et al. is a good estimate 

for the viscoelastic behaviour and was therefore considered sufficiently similar to the 

proposed setup of transverse static compression. 

It should also be noted that the FE model presented in this chapter is a macro-model 

without consideration of anisotropy and heterogeneity. Over the last decades, 

researchers started to divide skeletal muscle models into five hierarchical levels [381]: 

entire muscle (as done in this study), fascicles, muscle fibres, myofibrils, and 

sarcomeres (s. ñ3.3.1 Hierarchical structure of skeletal muscleò). By combining them 

into multiscale models [381ï385], researchers showed that the highest hierarchical 

level does not necessarily represent the mechanical environment within the other 
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levels. For example, tension on tissue level leads to shear stress at cell level from 

connections to neighbouring cells [381]. Tissue compression leads to tensile stress in 

the cell membrane as the cells flatten perpendicular to compressive loading direction 

[155, 386] and fibres might slight across one another, introducing shear stress into 

the sample [387]. Additionally, low-level tissue bulk deformation can induce large cell-

level deformations [388]. The collagen network of the extracellular matrix (ECM) also 

has its own mechanical properties and structural orientations, which influence cellular 

stress [382, 389]. These factors need to be taken into consideration when interpreting 

experimental studies based on a macro-level FE model. Nevertheless, a low-level 

model was accepted in return for a simpler material model without the need for further, 

complex material testing and extensive mathematical modelling. 

Another shortcoming in the FE model setup was the geometry. In the model, the sharp 

edge of the indenter was softened with a rounded corner to improve convergence. 

Accordingly, the shear stress in the area around the edges in the actual muscle 

sample is presumably higher than estimated. Potential misalignment between 

indenter and muscle could lead to further stress concentrations. However, the effect 

of these stress peaks on the overall mechanical environment of the muscle should be 

negligible. 

The most significant geometric simplification was presenting the muscle as a cuboid. 

Irregularities in muscle shape that deviate from this ideal could influence the stress 

and strain distribution within the samples. The performed parametric studies indicated 

that potential deviations in muscle length and thickness should only have a minor 

effect on the results. Further shape changes could be assessed in future parametric 

studies. 

6.5. Chapter Summary 

FE modelling is a popular tool to determine and visualise mechanical effects within 

materials that would otherwise be largely unattainable. Accordingly, an FE model was 

developed to assess the mechanical environment in skeletal muscle tissue on a layer 

of silicone under transverse compression with a flat-ended, circular indenter. Contact 

mechanics were applied to produce a simplified, axisymmetric model of the 

experimental setup while integrating complex viscoelastic behaviour of soft tissue. 

Compressive stress dominated the mechanical environment in the muscle. The 

muscle geometry thereby only seemed to change the mechanical environment when 
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the thickness of the muscle layer was reduced significantly. Otherwise, a mostly 

homogeneous stress field was predicted, making the experimental setup suitable for 

cell death analysis across multiple cross-sections of the indented muscle area. Areas 

outside of the indentation field can be used as controls as they remained largely 

unaffected by direct stress application. 

The results also indicated that the general stress magnitude within the muscle layer 

was lower than the direct stress applied by the indenter. Hence, future experimental 

studies should include computational modelling to predict the mechanical 

environment within the muscle layer. The model could also be adapted to dynamic 

loading scenarios. Further validation of the muscle material model might be 

necessary, for example by comparing displacement data from the dynamic 

indentation with numerical predictions by the FE model. Lastly, a multi-scale model 

could be developed in the future to assess the mechanical loading environment 

across the different hierarchical levels of skeletal muscle tissue.  
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7 CHAPTER 7  

 

Validation of the ex vivo animal model by development 

and comparison of a static stress-cell death threshold 

 

A static loading protocol was tested on the newly developed ex vivo animal model 

with the image analysis workflow to obtain a stress-cell death threshold. The results 

were compared to existing in vivo and in vitro studies for validation (Objective 4).  

The study was conceptualised by the author and Dr. Arjan Buis. The experiments 

were setup and conducted by the author. Imaging and analysis were also performed 

by the author, with support from Dr. Alastair Wark. 
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7.1. Introduction: Validity, verification, and validation of the ex 

vivo model and image analysis workflow 

Over the last few chapters, an ex vivo model system and image analysis workflow 

have been developed to determine sarcolemmal damage after mechanical loading. 

When developing a new methodological approach, validation is crucial to ensure the 

reliability of results. However, the term validation is often used interchangeably with 

verification and validity. Their meanings are similar and therefore subject to ongoing 

debates across different disciplines [390, 391]. In the context of this project, terms are 

defined as follows: 

Validity ï Does it make sense what I am doing? 

Proving validity involves giving a rational for a decision. Theoretical background and 

assumptions are presented and discussed to create an argument for a justifiable 

representation of a problem. In this thesis, the reasoning for choosing an ex vivo 

approach as opposed to in vivo or in vitro models was discussed in ñ4.1.1 Model 

system for the analysis of cell death after prosthesis-related loadingò, making a point 

of the modelôs validity. 

Verification ï Am I doing the thing right? 

Verification is mostly concerned with whether a model or product meets the technical 

requirements. In relation to this project, a few verification processes have been 

included into the experimental design and image analysis procedures. Capabilities to 

detect sarcolemmal damage with ProY-staining, for example, were verified by 

including positive and negative controls (s.ò4.7.1 Method for Live-or-Dye and Procion 

Yellow MX4R stainingò). This ensures that the developed method measures 

outcomes correctly. 

Validation ï Am I doing the right thing? 

Validation is needed to confirm that a model actually achieves its intended purpose. 

Although preliminary studies showed that the ex vivo setup developed in this project 

can measure sarcolemmal damage, the link between the mechanical loading 

environment and cell death needs to be confirmed. A first indication for this link were 

visual differences between undamaged and damaged samples (i.e.ò4.7.3 Suitability 

of Procion Yellow to detect cell damageò). However, for good practice, these 

qualitative observations should be backed up with quantitative results. 
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A good way to validate the ex vivo model is to perform a study that allows to compare 

outcomes to an already established, independent dataset on stress-related cell death. 

From a methodological point of view, the in vivo study performed by Linder-Ganz et 

al. [34] is closely related to the proposed ex vivo approach. The researchers applied 

static direct stress to the hindlimb of male Sprague-Dawley rats with a flat indenter, 

either directly to the gracilis muscle or superficially through the skin. Samples of the 

muscles were fixed with formalin and processed for histopathological analysis. 

Following staining with PTAH, muscles were observed for a loss of cross-striation to 

classify them as ñno damageò or ñcell deathò.  

The mechanical loading protocol tested different combinations of stress magnitude 

and duration, from 15min up to 360min and from 11.5kPa to 77kPa. Linder Ganz et 

al. then combined their data with results from previous animal studies to develop a 

sigmoid pressure-time cell death threshold curve (Figure 7-1).4 

 
4 Reprinted from Journal of Biomechanics, 39:14, Linder-Ganz E. et al., Pressureïtime cell 
death threshold for albino rat skeletal muscles as related to pressure sore biomechanics, 
p.2725-2732, Copyright (2006), with permission from Elsevier. 

Figure 7-1: Pressure-time cell death threshold (Reproduced from [2] with permission from 
publisher 4). Presented data is collated from different studies [2, 5ï8] and depicts the cellular 
response of skeletal muscle to static mechanical loading. Above the solid line, pressure-time 
combinations led to cell death (solid markers), below the dashed line no damage was detected 
(hollow markers). In between is a transition zone of uncertainty. 

ƶ Linder-Ganz et al. (2005) 
ǒ Husain (1953) 
ƴ Kosiak (1961) 
+ Nola and Vistnes (1980) 
ǅ Salcido et al. (1995) 
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7.2. Aims of static threshold study 

The aim of this chapter is to validate the combination of the proposed experimental 

design (Chapter 4), image acquisition, and analysis workflow (Chapter 5). Static 

mechanical compression was applied to ex vivo muscle tissue and the resulting cell 

death measured through fluorescent ProY-staining. The loading protocol was based 

on an in vivo study by Linder-Ganz et al. [34] to allow for comparison of the results. 

This will form the next step towards quantifying the physiological response of skeletal 

muscle to prosthesis-related mechanical loading.  

The results of the direct comparison between the in vivo and ex vivo study will also 

be discussed in the context of other threshold studies performed in an in vitro 

environment [33, 212]. This will aid the interpretation of outcomes from existing and 

future studies to create a clearer picture of the effect of direct stress on skeletal 

muscle. 

7.3. Design and methods for static threshold experiment 

7.3.1.  Collection and preparation of murine skeletal muscle 

tissue 

Tissue samples were collected from male Sprague Dawley rats (n = 12) and prepared 

as described in ò4.3.2 Collection and preparation of murine skeletal muscle tissueò. In 

brief, soleus (SOL, n = 5) and extensor digitorum longus (EDL, n = 7) muscles were 

isolated from both hindlimbs, pinned out in silicone-covered Petri dishes, and 

submerged in MOPS-based buffer solution at ambient temperature (22°C).  

7.3.2.  Experimental setup for static loading experiments 

Transverse compression was applied by lowering a flat, round indenter (r = 1mm) 

onto the samples. The indenter was either part of a customised loading rig (s. ñ4.3.3 

Mechanical loading ò) or attached to a Bose Electroforce 3100 (TA Instruments) to 

allow for parallel processing of four muscle samples at once. Customised rigs were 

used for loads Ó0.11N, which is equal to the dead weight of the indenters. For loads 

>11N, weight was added to the top of the indenter. 

The Bose Electroforce was used for loads <11N. It was fitted with a load cell (22N) 

connected to a flat steel indenter (Figure 7-2). The system was allowed to stabilise 
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for 30min prior to usage. The Petri dishes with samples were inserted on the bottom 

plate and raised towards the indenter. To initiate contact, the top mover was activated 

to bridge the remaining distance until a contact force of -0.01N was established.  

The static direct stress ranged from 5 ï 103kPa and was applied for 30min ï 120min 

(Table 7-1). For each duration, three stress values were chosen that represented the 

ñcell deathò (= above threshold), ñthresholdò (= transition zone), or ñno cell deathò (= 

below threshold) region defined by Linder-Ganz et al. [34]. Each stress-duration-

combination was tested on one sample and the maximum experimental duration was 

restricted to 3.5h to ensure tissue viability.  

 
Table 7-1: Overview static compressive loading protocol. Compressive loads ranging from 
0.02 ï 0.32N (direct stress 5 ï 103 kPa) were applied to skeletal muscle samples for durations 
between 30 ï 120min. Each stress-duration-combination represents one sample and was 
chosen based on the pressure-cell death threshold defined by Linder-Ganz et al. [34]. 

 30min 60min 90min 120min 

Above 
threshold 

0.32N / 103kPa 0.32N / 103kPa 0.10N / 32kPa 0.10N / 32kPa 

Close to 
threshold 

0.11N / 34kPa 0.11N / 34kPa 0.06N / 20kPa 0.03N / 9kPa 

Below 
threshold 

0.08N / 25kPa 0.08N / 25kPa 0.03N / 9kPa 0.02N / 5kPa 

Clamp with 
indenter 

Load cell 

Muscle 
sample 

Figure 7-2: Setup for transverse 
mechanical loading. Pinned out muscle 
sample is fixed at the bottom of a Bose 
Electroforce 3100. An indenter attached to 
a load cell is then lowered onto the sample 
(Inlay showing close-up of this setup) 
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7.3.3.  Fluorescent staining of muscle tissue with ProY and 

tissue processing 

Following dissection and mechanical loading, the tissues were stained with 0.1% 

Procion Yellow MX4R for 1h before being fixed in 10% neutral buffered formalin for 

28h. For each experimental group, the indented muscle area as well as peripheral 

control samples were processed and embedded separately into paraffin before being 

cut into 4ɛm cross-sections as described in ñ4.3.4 Tissue processing through formalin 

fixation and paraffin embeddingò. 

7.3.4.  Image acquisition and analysis 

Fluorescently stained slides were imaged on a Leica SP8 system in widefield-mode. 

For each mechanically damaged and control sample, n = 6 cross-sections were 

imaged with x10 magnification through an FITC filter (Ex 482/35, Em 536/40), followed 

by a Y5 filter (Ex 620/60nm, Em 700/75nm). Full cross-sectional images were 

composed through automated tiling with the Leica LAS X software (V.3.1.5.16308). A 

detailed description can be found in ñ5.3.1.1 Microscope and software specificationsò. 

All images were imported into FIJI/ImageJ and converted to 8-bit greyscale images 

before an established analysis workflow was performed (s.ò5.5.6  Overview over the 

image analysis workflowò). In short, all images were background subtracted and 

normalised before further processing. For control sections, the combined average 

intensity was determined for each sample. This value was set as threshold to mask 

unlabelled fibres in sections from the indented areas. Following segmentation with 

Cellpose [358] to separate individual myofibers, the number of dye-positive cells in 

the indented area was counted for each cross-section and averaged across each 

sample.  

7.3.5.  Definition of damaged and undamaged samples 

Unlike in Linder-Ganz et al.ós setup [34], samples could not simply be classified as 

damaged when ProY-positive cells were detected, as all cross-sections had cell death 

counts of Ó 53. However, those dead cells were not necessarily associated with 

mechanical loading. Possible other sources are naturally occurring cell death, 

damage from sample handling, or storage without oxygenation. A baseline-level 

above which a cross-section is classified as damaged therefore had to be defined.  
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The differentiation between ñcell deathò and ñno damageò was based around damage 

distribution. In samples with high cell death counts, damaged cells were arranged in 

a centralised pattern (Figure 7-3b), which was also observed by other researchers in 

similar experiments [195, 198, 199]. In comparison, samples with low dead cell counts 

were missing a distinctive pattern with dead cells scattered throughout the samples 

(Figure 7-3a). It is therefore likely that a centralised damage distribution is related to 

mechanical damage from the indentation. 

Based on this observation, all processed images were viewed to determine whether 

a distinctive damage pattern was visible. If one or more of the sections belonging to 

the same sample displayed a localised damage distribution, the whole sample was 

categorised as ñcell deathò. From this, the lowest average number of dead cells in 

damaged samples could be defined as baseline threshold, above which samples were 

categorised as ñcell deathò, and below as ñno damageò. 

 

a b 

Figure 7-3: Damage pattern following mechanical indentation of skeletal muscle 
tissue. Healthy cells are grey in colour, dead cells are marked in black. Black arrows 
indicate location and direction of indentation. a) Cross-section of skeletal muscle tissue 
indented with a flat indenter (r = 1mm) for 30min with 25kPa. No clear pattern on dead cell 
distribution discernible. b) Skeletal muscle cross-section after 30min of indentation with 
103kPa. Clear accumulation of dead cells on the left-hand edge where the sample was 
indented. Scale bar 1000µm. 
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7.3.6.  Finite element analysis of static transverse mechanical 

loading setup 

As discussed in ñ6.4 Finite element analysis of transverse mechanical loading of 

skeletal muscle tissueò, the direct stress externally applied by the indenter might not 

match the compressive stress within the sample. Accordingly, Finite Element Analysis 

(FEA) was performed in Ansys (Workbench 2021 R2) to determine the mechanical 

conditions within the muscle samples for each stress application. The detailed model 

setup is described inò6.3 Development of a finite element model of transverse 

mechanical indentation of skeletal muscleò. In brief, an axisymmetric model of the 

indentation setup was designed with rectangles representing each body ï indenter, 

muscle, silicone ï according to real-life measurements (Figure 7-4). The indenter and 

silicone were both assigned linear elastic material properties whereas the muscle was 

described by a first-order Ogden model with Prony series expansion. The indenter 

was meshed through general face meshing with quadrilateral elements, the mesh for 

the muscle and silicone had a defined element size of 2.5 x 10-9m2. The contact 

between the indenter and muscle was assumed to be frictionless; the contact between 

the muscle and silicone layer allowed sliding but prohibited separation. Displacement 

restrictions in X-direction were placed on the axis of symmetry, and the bottom of the 

silicone layer was treated like a fixed support.  

A direct stress was then applied to the top line of the indenter, according to the loading 

scheme described in Table 7-1. The resulting normal stress in y-direction was 

computed to assess the overall distribution as well as the average compressive stress 

in the muscle layer in the indentation zone. Potential differences between the direct 

stress and average compression stress were also plotted. 
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Figure 7-4: Finite element model of static indentation experiment. Axisymmetric model of 
indenter, muscle, and silicone layer (dimensions in image not representative of real model). 
The mesh of each component as well as the material properties are shown. 

7.3.7.  Definition of stress-time cell death thresholds for ex vivo 

skeletal muscle tissue 

The results from the categorisation of samples into ñcell deathò and ñno deathò groups 

were combined with the internal stress values calculated through FEA into a stress-

time plot. From this, stress-threshold functions for samples categorised as ñcell deathò 

and ñno damageò were compiled. Their shape was estimated by four-parameter 

decreasing single-step Boltzmann-Type sigmoid functions, to be able to compare to 

muscle-damage-thresholds used by Linder-Ganz et al. [34] and Gefen et al. [33] in in 

vivo and in vitro studies: 

Ɑ╬▫□▬►▄▼▼░○▄ 
╚

▄♪◄◄
╒    ( 7-1 ) 

where „ is the compressive stress, K [kPa] is the range of the function, Ŭ [min-1] is the 

ñslope coefficientò [392], t0 [min] is the time at midrange, and C [kPa] represents the 

minimum compressive stress asymptote. Each dataset was analysed in Minitab (Vers. 

Indenter

Muscle

Silicone

(4mm x 2mm)

(10mm x 8mm)

(1mm x 1mm)

Axis of symmetry

Ei= 200GPa

’i= 0.3 

Ogden 1st order:

 = 15.6kPa
 = 21.4
Prony series:

 = 0.549
= 6.01s

ES= 3.42GPa

ⱨS = 0.495 

Pressure
Direct stress 


























































































































































































































































































