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Summary 
A pressure ulcer (PU) develops due to mechanical loading of soft tissues. Pressure 
ulcers may originate in the superficial skin layers and progress towards the deeper 
tissues, or in the deeper tissues near a bony prominence and progress to the skin 
surface. The latter case is termed a deep tissue injury (DTI) where, in its early stage, 
the skin remains intact. Deep tissue injury is particularly a problem for insensate 
individuals, such as the spinal cord injured or unconscious individuals, since their lack 
of sensation does not alert them of a developing ulcer. Accordingly, following skin 
breakdown these wounds can progress rapidly and be categorised as a stage 3 or 4 PU 
with an unpredictable prognosis. 

Detecting DTIs before signs of external damage are visible will lead to improved 
treatment which, in turn, can decrease the impact of pressure ulcers on quality of life 
and reduce cost associated with PUs. This requires an objective and robust monitoring 
tool able to detect early signs of DTI development. A two-stage approach is proposed 
in which the first stage involves monitoring of biomarkers, which can indicate early 
DTI formation. The second stage involves a quantitative diagnostic method which 
determines the location and extent of the tissue damage. The goal of this thesis was to 
evaluate which aspects of deformation-induced damage could be targeted for the 
monitoring and detection of deep tissue injury. 

A sophisticated pre-clinical experimental set-up was used to study mechanically 
induced damage and recovery of muscle tissue. An indentation test was performed on 
the tibialis anterior muscle of anesthetized Sprague-Dawley rats to induce the first 
stage of DTI. The experiment was performed inside a magnetic resonance imaging 
(MRI) scanner which allowed precise mapping of the experimental conditions. 

A multi-parametric MRI protocol was used to study the complex aetiology of deep 
tissue injury. T2, T2*, mean diffusivity and angiography measurements were obtained 
over a 2 week period. The MRI scans showed that during mechanical loading a 
damage response can already be observed distally from the site of indentation. The 
damage response increased after load removal and remained detectable until 14 days 
after indentation. The MRI parameters were correlated to histopathological findings. 
Oedema formation, muscle cell damage and inflammation corresponded to a mean 
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increase in T2. An increase in T2* corresponded to tissue perfusion, haemorrhage and 
inflammation. The increase and subsequently decrease in diffusivity related to a 
decrease in microstructural integrity with its subsequent regeneration process. The 
MRI readouts provide non-invasive, distinctive and complementary information on 
damage development and regeneration of deep tissue injury which can aid in its 
diagnosis.  

Based on the MRI scans a method was created to extend a previously developed 
dedicated finite element model from 2D to 3D. This study showed that the previously 
used 2D approach underestimated the maximal shear strains. The mechanical loading 
conditions, obtained from the 3D model, were compared to physiological changes 
measured with T2 mapping. These results confirm that a threshold needs to be 
exceeded before tissue damage occurs and that there is a threshold above which all 
animals demonstrated signs of tissue damage. However, our 3D analysis reveals that a 
zone exists where the correlation between damage volume and the applied load was 
less evident. This suggests that the damage threshold varies for each individual animal 
in terms of applied strain energy generated within the tissue. 

To evaluate the possible application of biomarkers for monitoring the development of 
deep tissue injury a subset of the animals was used to analyse blood and urine for 
muscle damage markers. Myoglobin concentrations increase rapidly after load removal 
while troponin exhibits a delayed response. Troponin could only be detected in blood 
whereas myoglobin was detected in blood and urine. Both myoglobin and troponin 
had a strong and significant positive correlation with muscle damage as observed with 
MRI. Accordingly, with the present findings we propose that both candidates should 
continue to be analysed in future work. 

To investigate the feasibility of urinary myoglobin for DTI detection in SCI 
individuals a prospective cohort study was performed. The study consisted of two 
parts. In the short-term study, spinal cord injured (SCI) and able bodied subjects (AB) 
collected daily urine samples over an 8 week period to obtain baseline levels of the 
markers and to evaluate biological variations. Myoglobin is excreted in higher levels by 
SCI than AB. Two subgroups of individuals were observed demonstrating either 
occasional or frequently detectable levels of urinary myoglobin. These individual 
differences suggest the need to establish individual decision limits. The second part of 
the study consisted of a long-term investigation. Ten SCI participants collected a urine 
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sample once every 4 weeks over a period of 2 years. Due to the relatively low 
incidence of pressure ulcers (2 out of 10) the predictive value of urinary myoglobin for 
monitoring DTI formation could not be determined. Based on this study 
recommendations for future research are: the use of less stringent inclusion criteria to 
increase recruitment to the cohort number, performing daily urine sampling and 
reducing the burden to the participants by using, for example, point of care tests. 

This thesis contains valuable information for clinical practice. Using a 3D model we 
confirmed that a deformation threshold exist, which emphasises the importance of the 
clinical practice to minimize soft tissue deformation. The individual susceptibility 
found in the animal models illustrates that even in a well-defined population it is 
challenging to predict who will develop a DTI. We showed that myoglobin and 
troponin are promising biomarkers for early detection of DTI. Subsequent diagnosis 
of DTI may be reached by translating the knowledge obtained with MRI and histology 
on tissue degeneration and regeneration to other techniques like ultrasound or 
bioimpedance. 

 



1 

Chapter 1 
 

 

 

 

 

General Introduction 
  



Chapter 1 

2 

Pressure ulcers 
Pressure ulcers (PUs) are defined as: “a localized injury to the skin and/or underlying 
tissue, usually over a bony prominence, resulting from sustained pressure (including 
pressure associated with shear)” (130). PUs can occur in any situation when soft tissue 
is subjected to prolonged mechanical loading. Individuals known to have increased 
risk for developing PUs are those in palliative care (92), in critical care (36, 37), 
neonates and infants (7), and with a spinal cord injury (SCI) (33, 56, 74, 190). 
Developing a PU can have substantial effects on quality of life (173) and 
complications can even result in death (143). The costs associated with prevention and 
treatment of PUs pose a substantial burden on the healthcare system (46, 56, 193).  

PUs are classified based on anatomical depth in 6 different categories (Figure 1.1, 
Table 1.1)(130). Category 1 and 2 are superficial ulcers which only involve the skin 
layers. Category 3 and 4 involve multiple soft tissue layers e.g. skin, subcutaneous fat, 
muscle, tendon and/or bone. The anatomical depth of the last two categories, 
unstageable and suspected deep tissue injury, cannot be ascertained due to coverage 
by slough, eschar or the skin. PUs can originate in the superficial skin layers and may 
extend towards the deeper lying tissue. However, deep tissue injury, as the term 
clarifies, originates in deeper lying tissues and may evolve towards the skin surface if 
undetected (2, 164). 

 
Figure 1.1: schematic representation of the PU classifications. Images used with permission of 
the National Pressure Ulcer Advisory Panel 16 October 2018 
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Category  Description 
Category I Intact skin with non-blanchable redness of a localized area. The area 

may be painful, firm, soft, or cooler when compared to adjacent 
tissue. 

Category II Partial thickness loss of dermis presenting as a shallow open ulcer 
with a red pink wound bed, without slough. May also present as an 
intact or open/ruptured serum-filled blister. 

Category III Full thickness tissue loss. Subcutaneous fat may be visible but bone, 
tendon or muscle are not exposed.  

Category IV Full thickness tissue loss with exposed bone, tendon or muscle.. 
Unstageable Full thickness tissue loss in which the base of the ulcer covered by 

slough and / or eschar in the wound bed.  
Suspected 
deep tissue 
injury (DTI) 

Purple or maroon localized area of discoloured intact skin or blood-
filled blister due to damage of underlying soft tissue from pressure 
and/or shear. The area may be preceded by tissue that is painful, 
firm, mushy, boggy, warmer or cooler as compared to adjacent 
tissue. 

Table 1.1: International NPUAP-EPUAP Pressure Ulcer Classification System(130). 

Aetiology 
PUs occur due to mechanical loading. Early research on PU development have 
created interface pressure-time curves to evaluate the risk of developing a PU (60, 90, 
95, 129, 146). However, these studies showed large variations in the load-time 
relationship which were attributed to the different experimental conditions, 
anatomical locations, loading conditions, and animal models (175). It was proposed 
that internal deformations instead of external loads should be evaluated and it became 
apparent that interface pressures did not reflect internal tissue deformation accurately 
(62, 134). 

Using a multi-scale approach, ranging from cell models, ex-vivo studies with tissues 
and animal models of DTI, it was shown that there are at least two damage 
mechanisms which play an important role in PU development (21, 22, 30, 58, 59, 104–
106, 177, 178). These mechanisms can be characterized by the amount of deformation 
needed to induce them. At physiological loading conditions, e.g. when being seated, 
local tissue ischemia occurs due to capillary closure. This causes a shortage of oxygen 
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and nutrients, while simultaneously waste products accumulate due to impaired 
lymphatic drainage. It takes several hours before the first signs of damage can be 
detected (29, 30, 104, 105, 177, 178). This process can in principle be halted by timely 
unloading of the tissue allowing reperfusion and lymphatic drainage to occur (178). It 
has been reported that very fast reperfusion may cause additional damage by oxidative 
stress by reactive oxygen species (180). At higher levels of deformation damage can 
occur in a manner of minutes (106). This direct deformation damage is attributed to 
rupture of the cytoskeleton, stretching of the plasma membrane and internal pathways 
which result in cell death (26, 29, 104, 131, 178). The complex interactions of these 
processes, direct deformation damage, ischemia, ischemia-reperfusion injury and 
impaired lymphatic drainage are not yet fully understood.  

Risk assessment and prevention  
Proper risk assessment is the first step in preventing PUs. Each individual will have 
his/her own threshold for withstanding mechanical loading and this threshold may 
change over time. This loading threshold depends on many intrinsic and extrinsic 
factors. Intrinsic factors which are known to effect PU formation are: activity and 
mobility limitations; skin status, including moisture; perfusion and oxygenation; 
nutritional status; body temperature; age; sensory perception; haematological factors; 
and general health (34, 130). Extrinsic factors relate to the applied load, support 
surfaces, and environmental conditions like room temperature and humidity. 
Evaluation of these factors is a complex task due to the mutual interactions. Generally 
risk assessment is performed by using clinical experience aided by risk assessment 
tools like the Braden, Norton or Waterlow scale (122, 130, 160). Even though there is 
no evidence that the incidence of PUs decreases by using these scales (3, 122, 158, 
192), they are considered beneficial due to the provided framework and auditable 
standard they provide (130). Proper assessment of factors contributing to the loading 
threshold will lead to appropriate assignment of pressure ulcer preventative measures. 

Common preventative measures against PU development are repositioning and the 
use of specialized support surfaces like heel-of-loading devices, foam or air-cell 
cushions and beds (70, 91, 113). The performance of the support surfaces is clinically 
often evaluated using pressure mapping (27, 100, 144, 168) The general idea is that by 
distributing the body weight evenly across the support surface the risk of PUs 
decreases. However, it is well known that interface-pressures do not reflect internal 
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deformations well. The highest deformation are found near the bony prominences as 
opposed to the interface of the skin and supporting surface (62, 98, 99, 132, 135).  

Risk assessment and pressure ulcer prevention methods are routinely applied in the 
clinical setting. Acquiring a pressure ulcer while in the hospital or nursing home is 
often considered to be an indicator of quality of care. There is consensus among the 
clinical experts that not all PUs are avoidable (19). Clearly there is a need for adequate 
early detection methods, especially for DTI’s where the damage is obscured by the 
skin. 

Early detection of DTI 
Early detection of pressure ulcers is a crucial but difficult step. The golden standard in 
clinical practice is currently visual inspection and palpation (18, 130). When 
performing visual inspection one searches for skin irregularities. However, 
discolorations are less pronounced for individuals with a dark skin tone and therefore 
easily overlooked (130). When anomalies are found, differential diagnosis may be 
difficult due to other skin conditions presenting with similar symptoms often leading 
to misdiagnosis (18). Another practical issue during self-inspection is that not all areas 
at risk are easily visualized, e.g. the sacrum for individuals with a SCI.  

New, more quantitative, methods are being developed and evaluated like 
bioimpedance (9, 10, 121), ultrasound (US) (4, 163) or elastography (US or magnetic 
resonance imaging (MRI)) (75, 125). These methods locally evaluate tissue status. To 
ensure early detection each region at risk would have to be evaluated daily, as it is 
known that e.g. DTI’s can occur very rapidly (18). This would be a costly and time 
consuming task. We propose a two-step approach in which the method can be made 
more efficient by means of routine systemic monitoring. Biomarkers, in blood or in 
urine, may provide a first indication of pressure ulcer development. After a positive 
result a second step follows with more focused diagnostic methods. 

Possible biomarkers which could be used in such a screening method are muscle 
damage markers. It is well known that muscle tissue is very susceptible to 
deformation-induced damage (42, 129, 156). Well known muscle damage markers are 
myoglobin (Mb), and Troponin (Tn). Mb is an oxygen carrying protein specific for 
muscle tissue. After muscle damage it is released within 1-6 hour from the sarcoplasm 
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and it has a serum half-life of 2-3 hours (40, 66, 83, 149, 171, 172). The Tn complex is 
involved in muscle contraction and consists of three proteins (I, C, T). It has specific 
isoforms for cardiac, slow skeletal and fast skeletal muscle, facilitating differentiation 
between cardiac and skeletal muscle damage. It’s released within 4 hours after muscle 
damage, with elevations persisting for 2 days after eccentric exercise (40, 171). Clearly, 
both markers are released in blood quickly after the damage causing event. Mb, due to 
its small molecular weight of 18 kDa, is excreted in urine and might be used as a non-
invasive marker. 

Rationale and outline 
As stated above, to detect DTI in an early stage a two-step approach is proposed: 
systemic monitoring followed up by a more quantitative diagnosis of a location that is 
suspected to be damaged. This required an extension of earlier animal studies on 
aetiological processes by looking at tissue damage evolution with different MRI 
modalities in a broader area than the indentation region that was used before and for 
longer times after the indentation (up to 14 days). Next to this, for the systemic 
monitoring, we needed to study the relation between biomarkers in blood and urine 
and tissue damage evolution.  

For this, it was necessary to exchange the previously used Brown Norway rat model 
with a model using the larger and heavier Sprague-Dawley rats. The tibialis anterior 
muscle of the hind leg of Sprague-Dawley rats was indented for 2 hours to induce the 
initial stage of deep tissue injury. The indentation and physiological responses were 
monitored using MRI. In Chapter 2 a multi-parametric MRI protocol was linked to 
histological observations over a period of 14 days to track the damage and recovery 
processes in deep tissue injury in the lower leg of the rats. This led to answers on the 
questions:  

1. Where exactly does the damage start in the muscle?  

2. How does it evolve over time?  

3. How fast will the recovery take place?  

It also showed how the different MRI modalities give information on damage 
evolution over time. It is evident that the previously used 2D finite element models 
were no longer sufficient to describe the 3D deformation field and needed be 
extended. This is described in Chapter 3. These models made it possible to re-
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evaluate previously observed damage evolution as a function of mechanical loading in 
Chapter 4 . It appeared that a full 3D-picture of muscle damage and the internal 
strain field led to a less clear correlation than reported before. 

To evaluate the feasibility of muscle damage biomarkers for the early detection of 
deep tissue injury the same animal model was used. The questions addressed in this 
model were: 

1. Can we measure the proposed markers myoglobin and troponin in blood 

and urine after the tissue is damaged by means of an external mechanical 

load? 

2. Do the marker concentrations change quickly enough to make them 

useful for systemic screening? 

3. Is there a clear correlation between the marker concentrations and the 

amount of damage found in the muscle?  

In Chapter 5 the muscle damage markers myoglobin and troponin were compared to 
muscle damage, which was evaluated with MRI using T2-mapping. 

To obtain a general impression of the behaviour of myoglobin in urine a prospective 
cohort study with able bodied individuals and individuals with a spinal cord injury was 
performed. Chapter 6 evaluates the biological variability in a 2 month study of both 
groups and examines the performance of myoglobin over a 2 year period in spinal 
cord injured subjects.  

In chapter 7 the main findings will be discussed and recommendations for future 
research will be made. 
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Introduction 
A pressure ulcer is a form of tissue degeneration occurring when tissue is subjected to 
prolonged mechanical load, and is particularly common in subjects who are bedridden 
or wheelchair bound. Deep tissue injury was defined as an extraordinary sub-class to 
the original I-to-IV stage pressure ulcer classification system in the new 2014 
international pressure ulcer guidelines (17, 43, 45, 71, 85, 130, 134). Typical for deep 
tissue injury is that damage formation starts under intact skin at the bone-muscle 
interface and may appear at the skin surface as a discoloured spot or blood filled 
blister only in an advanced state (2). At this time treatment is problematic and the 
deep tissue injury therefore often progresses into a severe and difficult to heal stage 
III or IV ulcer (18, 157). Stage III or IV ulcers are associated with high costs (10,000 – 
15,000 GBP per ulcer), reduced quality of life with wound closing times up to 155 
days, and increased morbidity and mortality (28, 44, 52, 143, 148, 162, 188).  

Early diagnosis of deep tissue injury represents a major problem. This is mainly due to 
the fact that often the damage is undetected in subjects with impaired sensitization, 
such as after spinal-cord injury, and only become visible at the skin surface in an 
advanced state. Also, there is often an inability to differentially diagnose deep tissue 
injury with other pathologies such as skin tear, ecchymosis, hematoma, dermatological 
condition, incontinence-associated dermatitis, kennedy terminal ulcer, ischemic tissue 
change, and venous engorgement (12, 18, 53). Several proof-of-principle studies 
showed that both imaging and biomarker approaches could play a role in early 
diagnosis of deep tissue injury but, to date, they have not been translated into a clinical 
setting (4, 35, 165, 181, 196, 76, 89, 103, 110, 141, 147, 150, 155). This may be partly 
due to the fact that the aetiology of deep tissue injury is complex and still not fully 
understood (6, 157). An improved understanding of the aetiology from the 
mechanisms causing initial damage to actual ulcer formation and potential recovery 
may provide new insight for the development of state-of-the-art early diagnosis 
methods.  

In the last two decades a multi-scale strategy using cell-culture and animal studies, 
including those from the host group, advanced the understanding of deep tissue injury 
aetiology considerably (21, 22, 95–97, 101, 106, 134, 138, 154, 174, 186, 23, 187, 24, 
26, 29, 59, 63, 67, 81). In particular, the use of an unique deep tissue injury rat model, 
combining Magnetic Resonance Imaging (MRI) and Finite Element Analysis (FEA) 
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methods have provided substantial new insight in the aetiology of the deep tissue 
injury, the nature of the tissue deformation, and the major damage causing processes, 
including ischemia and direct deformation damage. Briefly, this model involves a 
controlled indentation of the tibialis anterior (TA) muscle of Brown-Norway (BN) rats 
inside a MRI scanner to image the damage formation processes in real-time and 
exploit the wide range of diagnostic MRI tools to measure essential factors, including 
tissue deformation, ischemia, and oedema (176). By combining MRI with animal-
specific FEA models local tissue strains could be estimated (29, 102, 123). This 
combined experimental-numerical approach made it possible to link the internal tissue 
deformations to damage development (104, 106).  

Previous etiological research has mainly focused on the initial (within 24 h) damage 
causing mechanisms of deep tissue injury, including localized ischemia, reperfusion 
damage, impaired lymphatic drainage and direct deformation damage (34, 49, 61, 131). 
However, much less is known about the recovery processes and regeneration 
following the removal of the sustained mechanical deformation. Therefore, the goal of 
the present paper was to investigate damage induction as well as remodelling in the 
deep tissue injury rat model using a longitudinal multi-parametric MRI and 
histopathological approach, in order to clarify the mechanisms underpinning the 
complex aetiology of deep tissue injury. We hypothesize that the multi-parametric 
MRI approach will provide a comprehensive view on deep tissue injury skeletal 
muscle damage and remodelling, as it is expected that deep tissue injury skeletal 
muscle damage will follow a precisely orchestrated biological remodelling pathway 
with the co-occurrence of multiple processes and overlapping characteristic phases. 

Materials and Methods 
Animal model and setup 
A total of 53 Sprague-Dawley (SD) rats (♀, 11 to 13-week-old, Charles River, Paris, 
France) and 6 BN rats (♀, 11-week-old, Charles River, Paris, France) were used. 
Animals were housed under standard laboratory conditions with a 12 h light/dark 
cycle and were maintained on a standard diet and with access to water ad libitum. The 
animals were divided into 6 experimental groups (Table 2.1) to obtain various non-
invasive in vivo MRI estimations of damage development and remodelling as well as ex 
vivo histology up to 14 days after damage induction. For comparison with previous 
work, a small number of BN rats was included in group I. All groups received MRI 
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Table 2.1. Experimental groups. Measured time points, number of animals, number of selected 
animals for histology, and the MRI protocol are indicated per group. #All animals were 
sacrificed after the last time point, followed by excision and storage of the control and deformed 
TA muscle for histology. ##In some animals part of the MRI protocol was omitted due to 
unforeseen experimental problems. 

pre, during, and post damage inducing deformation of the TA muscle at day 0. Group 
III, group IV & V, and group VI were followed up for 3, 5, and 14 days, respectively. 

For MRI, the rat was placed in supine position and anesthetized with isoflurane (4.0 
vol% for induction, 1.0-2.0 vol% for maintenance) in 0.6 L/min medical air. 
Buprenorphine (0.05 mg/kg s.c.) was administered for analgesia. Eye ointment was 
applied to prevent eye dehydration. Body temperature was maintained at 35-37 oC 
with a heating blanket and monitored with a rectal temperature sensor. Respiration 
was monitored with a balloon pressure sensor placed on the abdomen and maintained 
in a physiological range by adjusting the anaesthesia. The right leg of the rat was 
shaved and positioned in a u-shaped profile filled with alginate moulding substance 
for firm fixation and susceptibility matching. The TA muscle in the hindleg of the rat 
was compressed by the indenter for 2 h. The indenter was pushed manually into the 
TA muscle and varied intentionally in depth and angle between animals. The indenter 
setup is MRI compatible, which facilitates MRI measurements during compression 
and injury development (125). The indenter is hollow and filled with an aqueous 
solution of 1 g/l CuSO4, which enables precise localization of the indenter on MRI. 
No signs of skin surface wounds or pain were observed at any time-point. At day 0 (n 
= 20), day 3 (n = 6), day 5 (n = 24), and day 14 (n = 9) rats were sacrificed by means 
of exsanguination from the inferior vena cava. This procedure was performed under 
anaesthesia and after administration of analgesia. Both deformed and control TA 
muscles were dissected and stored for histopathological analysis. The animal 
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experiment was approved by the Animal Care and Use Committee of Maastricht 
University, Maastricht, The Netherlands (protocol 2013-047) and performed in 
accordance with the Directive 2010/63/EU for animal experiments of the European 
Union.  

Multi-parametric MRI protocol 
Measurements were performed with a 7.0 T small-animal MRI scanner (ParaVision 
5.1, AVANCE III, Bruker BioSpin MRI GmbH, Ettlingen, Germany) equipped with a 
660 mT/m, 4570 T/m/s gradient coil (BGA-12S HP, Bruker BioSpin MRI GmbH, 
Ettlingen, Germany). An 86-mm-inner-diameter quadrature transmit coil was used in 
combination with a 20-mm-diameter surface receive coil (Bruker BioSpin MRI 
GmbH, Ettlingen, Germany) placed on top of the TA muscle inside the indentation 
rod. The multi-parametric protocol consisted of T2-weighted MRI, quantitative T2 and 
T2*-mapping, diffusion weighted imaging (DWI), and time-of-flight (TOF) MR 
Angiography (MRA). As indicated in Table 2.1 the protocol differed between groups. 
In all groups the protocol was repeated several times during and post indentation at 
day 0. At the other time points the protocol was acquired only once. 

T2-weighted images were acquired with a 2D multi-slice multi-echo (MSME) sequence 
in axial orientation. The TA muscle was imaged by 20, 1-mm-thick slices with field of 
view (FOV) = 25 x 25 mm2, a 256 x 256 reconstruction matrix (MTX) with 33% zero 
filling, and repetition time (TR) = 2500 ms. A total of 12 echoes were measured for 
which the last 10 consecutive echo times (TEs) were accumulated to obtain images 
with an effective echo time (TEeff) of 65 ms. Chemical-shift selective (CHESS) fat 
suppression was used. CHESS fat suppression was visibly sufficient in these small 
laboratory animals with very little subcutaneous fat. Acquisition time was 8 min. In 
group VI T2-weighted MRI was performed with a 2D Rapid Imaging with Refocused 
Echoes (RARE) sequence with higher resolution and similar T2-weighting. Other 
acquisition parameters were: 16 axial slices of 1 mm, FOV = 40 x 40 mm2, MTX = 
512 x 512, number of averages (NEX) = 5, RARE factor = 8, TEeff = 40 ms, TR = 
2500 ms, CHESS fat suppression, and acquisition time 13 min. 

T2 quantification was performed with a 2D MSME sequence. Sequence parameters for 
axial slices were: number of slices = 16 or 20 of 1 mm thickness, FOV = 25 x 25 
mm2, MTX = 256 x 256, 33% zero filling, 26 equally spaced echoes (TE = 6.95 – 



Chapter 2 

14 

180.7 ms), TR = 3200 ms, CHESS fat suppression, and acquisition time ≈ 10 min. 
Coronal slices were acquired for groups II, III, IV, and VI. In the coronal orientation, 
sequence parameters were: number of slices = 6 to 20 of 1 mm thickness, FOV = 60 
x 30 mm2, MTX = 512 x 256, 33% zero filling, 20 echoes (TE = 10.18 – 203.5 ms), 
TR = 3200 ms, CHESS fat suppression, and acquisition time ≈ 10 min.  

T2* quantification was performed with a 2D Multi Gradient Echo (MGE) sequence. 
Sequence parameters in axial orientation were: number of slices = 16 or 20 of 1 mm 
thickness, FOV = 25 x 25 mm2, MTX = 256 x 256, 33% zero filling, 21 echoes (TE1 
= 3.34 ms, ΔTE = 3.55 ms, TE21 = 74.39 ms), TR = 1350 ms, CHESS fat 
suppression, and acquisition time ≈ 4 min. Coronal slices were acquired for groups 
III, IV and VI. In coronal orientation sequence parameters were: number of slices = 6 
to 20 of 1 mm thickness, FOV = 60 x 30 mm2, MTX = 512 x 256, 33% zero filling, 
12 echoes (TE1 = 4.77 ms, ΔTE = 6.37 ms, TE12 = 74.83 ms), TR = 1350 ms, 
CHESS fat suppression, and acquisition time ≈ 4 min.  

The DWI acquisition was measured with diffusion-encoding gradients applied in 3-
orthogonal directions with a multi-shot Spin Echo (SE) DWI Echo Planar Imaging 
(EPI) sequence in 16 axial slices of 1 mm thickness. Other sequence parameters were: 
FOV = 60 x 30 mm2, MTX = 128 x 64, diffusion gradient duration (δ) = 2.5 ms, 
diffusion gradient separation (Δ) = 10 ms, b-values = 0-2-5-10-15-20-25-50-100-200-
400-600-800 s/mm2, TE = 18 ms, TR = 4 s, NEX = 2, number of EPI segments = 4, 
CHESS fat suppression, and acquisition time ≈ 20 min.  

MRA was performed with a TOF 2D Fast Low Angle Shot (FLASH) sequence, with 
the following sequence parameters: 120 slices of 0.4 mm thickness with 0.25 interslice 
distance, FOV = 40 x 40 mm2, MTX = 256 x 256, 33% zero filling, TE = 3.8 ms, TR 
= 15 ms, flip angle = 800, and acquisition time ≈ 6 min.  

MRI data analysis 
T2-weighted images were scored by an MR expert for the location of hyper intensity, 
distal or proximal, with respect to the indenter, during and after deformation of the 
TA muscle at day 0.  

Quantitative T2-maps were obtained by pixel-wise fitting the MR signal to 
equation 2.1: 
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 𝑆(𝑇𝑇) = 𝑆(0)𝑒−𝑇𝑇/𝑇2  (2.1) 

(Mathematica 10, Wolfram Research, Champaign, USA). Pixels with R2 < 0.9 were 
excluded from subsequent analysis. Region-of-interest (ROI) based analysis of the 
axial T2-maps was performed (Matlab R2016a, The Mathworks, Inc., Natick, 
Massachusetts, USA). An ROI was defined by manually outlining the TA muscle in all 
slices of the first echo of the T2-mapping dataset (ITK –SNAP, PICSL, University of 
Pennsylvania, USA (197)). Mean T2 of the whole TA muscle was determined at all 
time points. 

Quantitative T2*-maps were calculated by pixel-wise fitting the MR signal to 
equation 2.2: 

 𝑆(𝑇𝑇) = 𝑆(0)𝑒−𝑇𝑇/𝑇2∗  (2.2) 

(Mathematica 10, Wolfram Research, Champaign, USA). Pixels with R2 < 0.9 were 
excluded. ROI based analysis of the axial T2*-maps was performed in Matlab. Mean 
T2* of the whole TA muscle was determined at all time points as well.  

DWI images were registered using affine translation to the first echo of the T2-maps, 
followed by calculation of the mean diffusivity (MD) of the averaged orthogonal 
directions by fitting the MR signal to equation 2.3: 

 𝑆(𝑏)
𝑆(0) = 𝑒−𝑏 𝑀𝑀  (2.3) 

All DWI data processing was performed using the open source DTItools add-on for 
Mathematica, developed by Froeling et al.(55). ROI based analysis of the MD-maps 
was also performed in Matlab. Mean MD using the same segmentation of the 
quantitative T2-data of the whole TA muscle was determined at all time points. 

The MRAs were processed by visualizing maximum intensity projections (MIPs) in 
OsiriX (Pixmeo SARL, Geneva, Switzerland). MRA MIPs were visually inspected and 
assessed by an MR expert for presence of reduced flow in the saphenous artery during 
indentation and increased flow in the TA muscle compartment at day 0.  

Statistical analysis 
Statistical analysis was performed with the R environment for statistical computing 
and graphics (R Version 3.4.1, The R Foundation for Statistical Computing, Vienna, 
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Austria). One-way repeated measure ANOVA with a Dunnett’s post hoc test was used 
for comparing changes in mean T2, T2*, and MD-values of the ROI over time 
compared to baseline, provided that the assumptions of normality and 
heteroscedasticity hold. Normality was assessed graphically for small sample sizes (n < 
15). For larger sample sizes normality was assessed both graphically and by 
performing a Shapiro-Wilk test. Heteroscedasticity was assessed with Levene’s test. If 
both the assumptions of normality and heteroscedasticity held Mauchly’s test was used 
to assess sphericity and test statistics were corrected with Greenhouse-Geisser when 
appropriate. When the assumptions of normality and heteroscedasticity were violated 
the Friedman Rank Sum test with Dunnetts post hoc test was used. 

Statistics were performed both for the data on day 0 for all groups and all six time 
points up to day 14 for group VI. At day 0, multiple T2*, T2, and MD-scans were made 
during the 2 h deformation period. To assess temporal changes and to prevent 
excessive filtering of the data due to balancing, the 2 h deformation period was 
divided into 2 time windows and any missing data from either window were excluded 
from statistical analysis. This resulted in a total of 16 animals for T2*, 42 animals for 
T2, and 9 for MD. 

Histology 
For a subset of animals from groups I (BN n = 4, SD n = 4), II (n = 4), III (n = 4), 
IV (n = 4), and VI (n = 4) the TA muscles were transversally cut at 1 mm intervals 
and embedded in total in paraffin blocks. Both injured and contralateral control TA 
muscles were processed. From each block two 8 µm thick histological slides were 
prepared; one was stained with Hematoxylin and Eosin (H&E), the other with 
Masson Trichrome (TRI). Blinded pathological evaluation was performed by an 
experienced pathologist, largely using the method as described by Hammers et al. (76). 
For this, TA muscle sections were semi-quantitatively assessed for the presence of 
various features of cellular damage and inflammatory response. The assessment 
focused on degeneration, necrosis, oedema, haemorrhage, fibrosis and the presence of 
three groups of inflammatory cell types (neutrophils, lymphocytes/plasma cells and 
macrophages). Degeneration and necrosis represent a continuum of myocyte damage, 
with degenerative myofibres showing swelling, loss of contact with adjacent 
myofibres, and intracellular or directly adjacent inflammatory cells. Necrotic myocytes 
show more pronounced histomorphological changes with homogenization, 
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eosinophilia and fragmentation of the cytoplasm, and pyknosis or loss of myocyte 
nuclei. Oedema was defined as the presence of an expanded non-cellular interstitium, 
haemorrhage was defined as the extravasation of erythrocytes, and fibrosis was 
evaluated by assessing the presence of collagen deposition. Differentiation between 
the groups of inflammatory cells was done on the basis of nuclear and cellular 
morphology. The presence/severity of all features were scored on a 5-point semi-
quantitative scale (none, minimal, mild, moderate, severe). In addition, the area of 
degeneration was scored on a 4-point scale (0-5%; 5-20%; 20-40%; >40%). Scoring 
was recorded on standardized scoring sheets. One-sided Wilcoxon signed rank tests 
with Pratt method for ties correction were used to assess changes in histopathological 
scoring values of all injured TA muscle sections of all different groups compared to 
contralateral control TA muscle sections. Correlation of histopathological scoring 
values to the multi-parametric MRI readouts was performed with a Spearman’s rank 
correlation test with Bonferroni type adjustment to determine the Spearman 
correlation coefficient ρ. Correlation of histopathological scoring values to MD could 
not be determined for several scored histopathological features, due to the limited 
spread of the data, small number of animals, and few time-points. Histological 
sections were not registered to the MRI data. 

Results  
Multi-parametric MRI 
T2-weighted MRI was used as the principal parameter for identifying oedema, damage, 
and inflammation caused by the 2 h loading period. Representative T2-weighted MR 
images of a central, distal, and proximal slice, acquired pre, during, and post 2 h 
deformation are shown in Figure 2.1. In the central slice pre indentation the TA 
muscle, tibia bone and indenter, clearly visible, are indicated by an arrow. During 
indentation the indenter is clearly visible. Post deformation a large portion of the TA 
muscle demonstrated high intensity textured regions resembling an epi-, peri-mysium-
like structure. During indentation the extensor digitorum longus (EDL) muscle also 
demonstrated high intensity distal to the centre of indentation. By contrast, proximal  
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Figure 2.1. T2-weighted MR images of the TA muscle of a representative rat pre, during, and 
post 2 h deformation, central as well as proximal and distal to the indenter. In the central slice 
the indenter, which compressed the TA muscle towards the tibia bone, is visible. A large portion 
of the TA muscle revealed high intensity after compression in the central slice but also in the 
distal and proximal slices. The EDL muscle displayed high intensity distally during indentation. 

to the indentation axis no evidence of high intensity was observed. Post deformation 
the high intensity regions in the EDL muscle largely disappeared, with the exception 
of small areas located at the edge of this muscle. 

Scoring for the location of the high intensity signals, i.e. distal or proximal with respect 
to the indenter, during and after deformation of the TA muscle at day 0 in T2-
weighted images of group I, V, and VI, revealed enhanced incidence distally during 
indentation. Of the 29 scored animals high intensity regions were demonstrated in 16 
animals distally, 1 animal proximally, 7 animals distally as well as proximally, while 5 
animals displayed no high intensity regions during indentation. Indeed, all but one 
animal with observed high intensity signals during indentation, displayed distal and/or  
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Figure 2.2. T2-weighted MR images pre, during and post 2 h deformation of the TA muscle. 
Central slice position at position of indenter shows the deformation of the TA muscle towards 
the tibia bone together with distal and proximal located slices. High intensity signal in TA 
muscle tissue was observed during deformation distally to the centre of deformation. Post 
deformation no high intensity signal was observed in the TA compartment. 

proximal high intensity signals after indentation (see Figure 2.2). In 2 of the 5 animals 
no high intensity signals were demonstrated both during deformation and then 
following load release. 

Quantitative water T2-values were used to longitudinally assess the damage and 
remodelling processes. To illustrate damage development during indentation, 
Figure 2.3 shows representative axial and coronal T2-maps equally spaced over the 2 h 
deformation period, for one selected animal pre, during, and immediately after 
indentation at day 0. During indentation, an increasing area with elevated T2 was 
observed, starting in the EDL muscle distally to the centre of deformation (region 
indicated by the number 1), and subsequently expanding in the TA muscle (region 2).  
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Figure 2.3. Axial and coronal T2-maps pre, during (multiple time points), and post indentation of 
the TA muscle. The numbers in the coronal images highlight regions in EDL and TA muscles 
with elevated T2-values during and after indentation. Legend for the colour scaling of the T2 (0-
150 ms) is shown on the right. 

Towards the end of the deformation period, elevated T2-values were also observed 
proximally in the TA muscle (region 3). In the images, the elevated T2-areas display a 
stripe-like texture that appears to align with the muscle fibre architecture and the epi-
perimysial structure (similar to Figure 2.1). Post indentation, elevated T2-values were 
observed in the larger part of the TA muscle (region 4). The elevated stripe-like 
texture in the coronal orientation post deformation showed interruptions near the axis 
of indentation. The TA muscle did not completely recover its shape following load 
release with a residual indentation visible. 

A side-by-side comparison of axial and coronal T2 and T2*-maps, pre and post 
indentation at day 0, of the same animal as in Figure 2.3 (separate slice location) is 
shown in Figure 2.4. In the region of elevated T2 and T2*, a central region with lower 
T2 and T2* was observed (arrow). In particular, T2*-values were lower when compared 
to corresponding baseline values. 

A multi-parametric evaluation of the model during the full time-course of damage 
induction and recovery for one animal from group VI is presented in Figure 2.5. 
Images at day 0 were from healthy muscle pre-indentation to which all other time 
points are compared. Similar to the example shown in Figure 2.1, indentation caused 
high intensity signals on T2-weighted images in the TA muscle body as well as  
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Figure 2.4. Axial and coronal T2 and T2*-maps pre and post deformation at day 0. A region with 
reduced T2 and T2*-values is indicated by the solid arrows. Legends for the colour scaling of the 
T2 (0-150 ms) and T2* (0-60 ms) are shown at the bottom. 

between muscle and skin, which persisted up to 7 days after induction of the muscle 
damage. In some animals, low intensity spots were observed in the TA muscle on days 
10 and 14. The T2-maps shown in the second row of Figure 2.5 display a similar time 
course of recovery with normalization of TA muscle T2-values 10 days after induction 
of the damage.  

T2*-maps during and post deformation at day 0 (row 3 of Figure 2.5) suffered from 
some signal loss due to field inhomogeneities caused by the indenter and because the 
susceptibility-matching alginate had to be partly removed to allow indenter access. At 
day 3 an area with elevated T2*-values was observed in the TA, which was 
considerably smaller than the regions of elevated T2. At days 5 to 14, during the 
remodelling phase of the damage, reduced T2*-values were observed in most regions 
of the TA muscle. The MD-maps, shown in row 4, also suffered from some 
susceptibility-related artefacts during indentation adjacent to the position of the 
indenter. At day 0 directly after indentation, MD was elevated in the TA. MD-values 
decreased towards day 5 to below baseline values. At day 14, MD-values in the TA 



Chapter 2 

22 

 
Figure 2.5. Longitudinal multi-parametric MRI of one representative rat. From top to bottom: 
axial T2-weighted (T2w), T2, T2*, and MD maps, and coronal MIPs of the TOF angiography. 
Legends for the colour scaling of the T2 (0-150 ms), T2* (0-60 ms), and MD (0.5-2x10-3 mm2/s) -
maps are shown on the right. 

were almost returned to baseline, but some regions with lower MD could still be 
observed. Regions of reduced MD and T2* at day 5, 7, 10, and 14, visually co-localized 
with each other. 

Coronal MIPs of the TOF MRA for two animals (RAT-005 and RAT-007) of group 
VI are shown in Figure 2.6. The MRA MIPs reveal the larger blood arteries in the 
lower leg of the rat, which can be used to assess whether major arteries are blocked by 
the compression. During indentation, the hollow CuSO4-solution-filled indenter is 
also visible in the MIP (orange arrows). For RAT-007, a reduced flow in the 
saphenous artery was observed under indentation (blue arrow). Directly after 
deformation at day 0 blood flow through the saphenous artery was restored, 
accompanied by what appeared to be a hyperaemic response in the TA compartment 
region (green arrow). RAT-005 did not show a reduced flow in the saphenous artery 
under indentation and showed only a minor hyperaemic response at day 0 post. 
Angiograms at later days appeared normal for this animal. Individual time-courses of  
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Figure 2.6. Angiogram MIPs over time of RAT-005 and RAT-007. During deformation the 
indenter (orange arrows) applying load to the TA muscle is visible. The saphenous artery is 
centrally located. Reduced flow in the saphenous artery in RAT-007 is indicated with blue arrow. 
Hyperaemic response is indicated with green arrow. Individual time-courses of the mean 
parametric values of RAT-005 and RAT-007 are also shown in Figure 2.8. 

the mean parametric values of RAT-005 and RAT-007 are also shown in Figure 2.8. 
Visual assessment of the MIPs of 33 animals revealed reduced flow in a major artery, 
predominantly the saphenous artery in 11 animals under indentation and a hyperaemic 
response in 20 animals at day 0 directly after deformation. 

The extent and severity of damage caused by indentation of the TA muscle and the 
time-course of recovery is variable between animals dependent on various factors, 
including the individual rat leg anatomy, the amount and angle of indentation, the 
induced strain in the muscle, as well as the extent of ischemia. TA muscle T2, T2*, and 
MD-values for all animals over time is presented in Figure 2.7. Each open circle 
represents a data point for a single animal at given time point, whereas the thick solid 
lines represent the mean parametric values for all animals at the different time points 
pre, during, and post indentation. It is evident that these mean values reflect the same 
time-course of trends observed with the single animal shown in Figure 2.5. Individual 
time-courses of the 9 animals of group VI which were followed up to 14 days are 
shown in Figure 2.8. 
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Figure 2.7. TA muscle T2, T2*, and MD-values of all animals during the time course of the whole 
experiment. The 2 h deformation period is indicated with the grey area. Each open circle is a 
quantitative MRI measurement of a single animal at given time. The thick solid lines are the 
mean parameter values of all animals at the different time periods pre, during, and post 
indentation. Not all measurements were performed at exactly the same time or repeated several 
times in close succession. Therefore, mean values were calculated per time period, defined as: 
pre = -120-0 min, during indentation = 0-120 min, post = 120-300 min, as well as at 3, 5, 7, 10, and 
14 days post indentation. Two distinctly different animals are highlighted by the green and 
magenta coloured data points. Representative quantitative maps of both highlighted animals are 
displayed as inset. Quantitative parameter maps of these two animals at all time points are 
presented in Figure 2.9. 
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Figure 2.8. Mean T2, T2*, and MD-values in the TA muscle of individual animals of group VI 
over time. T2, T2*, and MD in A, B, and C, respectively. Each line represents a single animal, 
points on the line indicate the measurement time points. Legend is depicted in subfigure C. The 
2 h deformation period is indicated with a grey bar. RAT-001 and RAT-002 were also selected in 
Figure 2.7 and Figure 2.9. Mean ± standard deviation for baseline values are: T2: 37.0±0.4 ms, 
T2*: 16.8±0.9 ms, MD: 1.56±0.06 mm2/s. 
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Table 2.2: Quantitative MRI parameter values of the TA muscle (mean ± SD) of all for statistical 
analysis selected animals pre, during, and at various time points post indentation. The number 
of animals is indicated for each parameter. The asterisk (*) indicates a significant difference (*** 
for p<0.001, ** for p<0.01, * for p<0.05) versus baseline value at day 0 pre. 

A detailed summary of all parametric values for all time points with the associated 
statistical results are presented in Table 2.2. T2-values were significantly elevated 
compared to baseline at all time points. T2* showed significantly reduced values during 
indentation and was significantly elevated at day 0 post and day 3. MD was 
significantly elevated at day 0 post, whereas at days 5 and 10 the values were 
significantly lower than baseline values. 

It should again be noted that not all animals followed the same trends with time. As 
an example, two distinctly different responses are highlighted with green and magenta 
circles in Figure 2.7. The quantitative parameter maps of these two animals are 
presented in Figure 2.9. In one of these rats (magenta data points, RAT-002) injury 
from indentation was relatively mild, with T2 and T2*-values not different from 
baseline and a minimal decrease in MD at day 5. By contrast, indentation in the other 
animal (green data points, RAT-001) resulted in extensive damage in the TA muscle, 
with increased T2 in the whole TA, a transient increase in both T2* and MD shortly 
after indentation, followed by a persistent decrease in these values. 

Histopathological evaluation 
Table 2.3 summarizes the scorings of the histopathological evaluation. At day 0, 
approximately 2 hrs after indentation, TA muscle tissue was only characterized by 
mild oedema and, in some cases, early neutrophilic infiltration. At days 3 and 5 
virtually all parameters reached maximum values, corresponding with moderate to 
severe degeneration affecting more than 40% of the slide area. Both time-points  
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Figure 2.9. Multi-parametric MRI readouts of the two selected animals of Figure 2.7, with animal 
identification number RAT-001 and RAT-002. The two animals were selected as two extremes to 
exemplify the spread in measured MRI readouts and response to 2 h of deformation in the group 
of animals. In comparison to RAT-002, RAT-001 showed altered MRI readouts (e.g. decreased 
MD and T2*, low intensity T2-weighted (T2w) region at day 14) up to 14 days after damage 
inducing deformation. For RAT-002 only a minor response, of collateral blood vessels, on the 
angiogram during deformation was observed. All other MRI readouts of RAT-002 appeared 
normal. Legends for the colour scaling of the T2 (0-150 ms), T2* (0-60 ms), and MD (0.5-2x10-3 
mm2/s) -maps are shown on the right. 
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Table 2.3. Pathological evaluation of H&E and TRI stained control and deformed TA muscle. 
Scoring for degeneration: 1 = 0-5%, 2 = 5-20%, 3 = 20-40%, 4 = >40% of slide area; severity of 
degeneration indicated by min (minimal), mld (mild), mod (moderate) and sev (severe). For 
necrosis, oedema, haemorrhage, fibrosis, neutrophils, macrophages, and lymphocytes/plasma 
cells scoring is: 0 = normal, 1 = minimal, 2 = mild, 3 = moderate and 4 = severe. The number of 
animals scored at each time point is indicated. Values are mean ± standard deviation. The 
asterisk (*) indicates a significant difference (*** for p<0.001, ** for p<0.01, * for p<0.05) versus 
control TA muscle. 

clearly represent a different phase of the muscle damage and remodelling pathway. 
The high-rated pathological features, represented by moderate to severe necrosis, 
oedema, haemorrhage, neutrophils, and lymphocytes/plasma cells at day 3 are 
characteristics of the pro-inflammatory phase. All high-rated pathological features of 
day 3 were reduced to the minimal-mild level at day 5, accompanied by an increase in 
the number of macrophages and amount of fibrosis typical of the anti-inflammatory 
and remodelling phases. At day 14 the inflammation markers decreased to 
normal/minimal levels with, in some specimens the presence of mild fibrosis, an 
indication for continued remodelling of the muscle. 

In Figure 2.10, representative H&E and TRI histological sections are depicted 
adjacent to the various multi-parametric MRI parameters at day 0, 3, 5, and 14. For 
day 14, the series of two animals are shown, one displaying mild damage (RAT-005) 
and one with severe damage (RAT-006). Individual time-courses of the mean 
parametric values of both rats are shown in Figure 2.8.  
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Figure 2.10. Representative H&E and TRI histological sections next to the various multi-
parametric MRI readouts at day 0, 3, 5, and 14. For day 14 one animal with mild (RAT-005) and 
one with severe (RAT-006) damage is shown. Individual time-courses of the mean parametric 
values of RAT-005 and RAT-006 were also shown in Figure 2.8. Legends for the colour scaling of 
the T2 (0-150 ms), T2* (0-60 ms), and MD (0.5-2x10-3 mm2/s) -maps are shown on the bottom. 

Distinct differences between healthy controls and injured muscle were apparent. The 
control sections (bottom row) showed normal muscle cells with small interstitial 
spaces. The oedema, swollen cells, and infiltrated neutrophils observed at day 0 after 
indentation is in concordance with the typical epi-perimysium-like texture of elevated 
T2-values and high intensity signals that were found in the T2-maps and T2-weighted 
images. The pro-inflammatory response on day 3, i.e. haemorrhage, inflammation, 
necrosis, and oedema corresponded with diffuse elevated T2-values on the T2-map, 
whereas the T2*-map showed areas with both elevated as well as decreased T2*. On day 
5, the parametric maps of this particular animal showed a band-like pattern with 
slightly elevated T2 and reduced T2*. This corresponded on the histology to light 
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collagen deposition, multiple little haemorrhages, newly formed muscle cells, and 
numerous macrophages. Oedema, necrosis, and the more pro-inflammatory 
neutrophils and lymphocytes were reduced in number when compared to day 3. 

Even at day 14, the TA muscle tissue was not fully recovered, showing numerous 
small muscle cells with centrally placed nuclei and an aberrant muscle shape. This was 
in agreement with MRI findings, particularly for the animals with severe damage 
(RAT-006), which displayed collagen deposition and the presence of macrophages. 
However, also in the mildly damaged (RAT-005) animal, muscle tissue was not fully 
remodelled.  

Table 2.4 shows the Spearman correlation coefficient ρ for the correlation of the 
multi-parametric MRI readouts and histopathological scoring. T2 correlated 
significantly with all scored pathological features, with a strong correlation (ρ ≥ 0.80) 
to degeneration area, oedema, and neutrophils. Correlation of T2 with fibrosis showed 
significantly weak (ρ = 0.43) correlation. T2* was strongly correlated (ρ ≥ 0.80) to 
necrosis, oedema, haemorrhage, and neutrophils. For MD no significant correlations 
with pathological features were found. 

 
Table 2.4. Correlation of quantitative MRI parameters and pathological evaluation. Spearman 
correlation coefficient ρ. Spearman correlation coefficient ρ was tested for significance. The 
number of animals is indicated for each parameter. The asterisk (*) indicates a significant 
correlation (*** for p<0.001, ** for p<0.01, * for p<0.05). 
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Discussion 
Multi-parametric MRI was applied to characterize tissue damage and remodelling in a 
rat model of deep tissue injury. MRI provided a macroscopic in vivo view of the 
induced damage, whereas histopathology provided the link to muscle pathology at the 
microscopic level. Taken together, this study highlights a number of features with 
respect to MR imaging biomarkers of muscle damage and regeneration which reflect 
the time course of deep tissue injury, as shown schematically in Figure 2.11. 

 
Figure 2.11. Time-course of tissue damage and remodelling in the rat model of deep tissue injury 
characterized by multi-parametric MRI (T2, T2*, MD, and MRA) and linked to histopathology. 
The neutrophil, lymphocyte, and erythrocyte cell types were designed by Mikael Häggström, 
used with permission (72). 

The major established muscle damage causing mechanisms for deep tissue injury are 
direct deformation and ischemia. As previously reviewed by Oomens et al. (131) both 
damage mechanisms have different features in terms of time scale and deformation 
threshold levels. Ischemic damage is a relative slow process (2 - 4 h) occurring with 
low levels of deformation, and is mechanistically explained by occlusion of blood and 
lymph vessels resulting in a change in metabolism followed by accumulation of waste 
products and associated decrease in local pH (59, 104, 179). By contrast, direct 
deformation damage can develop rapidly (≈ 10 min) in case of high levels of 
deformation and is a consequence of cell membrane failure and, potentially, rupture of 
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the cytoskeleton (29, 106). In addition, impaired lymphatic drainage and reperfusion 
injury after load release can aggravate the damage (6, 47, 79, 81, 90, 104, 114, 142). 

The skeletal muscle responded following a precisely orchestrated pathway as known 
from other types of acute muscle damage (contusion, laceration/puncture, strain, 
myotoxin, contraction-induced injury, crush injury) (5, 47, 79, 81, 90, 104, 114, 142). 
The onset of skeletal muscle damage was characterized by swollen and disrupted 
muscle fibres, increased interstitial space, oedema, haemorrhages, and the first signs of 
inflammation with the presence of neutrophils. This was subsequently followed by the 
pro-inflammatory phase with significant necrosis, haemorrhages, oedema, and 
inflammatory cell reaction of neutrophils, pro-inflammatory macrophages, and 
lymphocytes. Thereafter the anti-inflammatory phase is associated with the invasion of 
anti-inflammatory components to the damaged muscle, fibrillar collagen extracellular 
matrix (ECM) deposition, and first signs of myogenesis. Finally, the tissue entered a 
remodelling phase, partly overlapping with the anti-inflammatory phase, in which 
differentiated myocytes are evident with ECM reorganization and newly formed 
myocytes with central nuclei. 

From a diagnostic imaging perspective, there is no unique single MRI parameter 
which can reflect all the relevant pathological processes. We therefore employed a 
multi-parametric imaging approach. This strategy has been increasingly adopted in 
MRI to improve the overall diagnostic power. In the present study, quantitative T2, 
T2*, MD have been acquired in conjunction with qualitative TOF angiography as 
parameters which reflect oedema and inflammation, haemorrhage, tissue integrity / 
cellularity, and blood flow, respectively. 

Tissue water T2 is the most commonly used muscle MRI quantitative damage 
biomarker (80, 112). Although changes in T2 can be caused by several pathological 
processes, including inflammation, necrosis, and oedema, in the context of acute 
muscle damage it provides a parameter which reflects the severity and extent of the 
induced muscle damage (104–106, 177, 178). We used a higher MRI field strength and 
improved hardware, incorporating a surface receiver coil, which allowed for imaging 
T2 with higher resolution and signal-to-noise ratio (SNR) when compared to previous 
studies from the host group (125, 176). This improvement resulted in the detection of 
elevated T2 in an epi- and perimysial structure. We observed distal T2 increases during 
the process of deformation, which supports previous observations describing distal T2 
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increase directly after indentation (177). Additionally, distal T2 increases were detected 
in the EDL muscle in a subset of the animals, which disappeared after load release in 
some of these animals. It is proposed that the distal T2 increase is caused by oedema 
as a result of impaired lymphatic drainage and reduced venous return in the distal 
parts of TA compartment. 

Similar to previous findings a local T2 increase directly under the indenter was absent 
during deformation (157). Indeed oedema build-up is likely prevented during 
indentation due to the compression of the tissue. T2 increased first distally and later 
both distally and proximally with respect to the indenter position but not at the axis of 
indentation. This shows that the effects of sustained mechanically loading on muscle 
can manifest itself over an area which extends beyond the site of loading. 
Histopathology confirmed that elevated T2-values shortly after load release were the 
result of oedema along the TA and EDL muscle fibres. At later time points, 
histopathology revealed extensive necrosis, inflammation and, to a lesser extent, 
fibrosis. TA muscle T2-values were at a maximum between 3-5 days after induction of 
damage at the height of the inflammatory response, after which T2-values resolved (in 
most animals) towards baseline values at the 14 day time point, which reflects the 
regeneration of the tissue.  

T2*-values are influenced by the presence of haemorrhage, calcification, iron, and 
depend on tissue perfusion and oxygenation (1). We observed a significant decrease in 
T2*-values during deformation at day 0, which can be associated with reduced blood 
flow to the compressed TA muscle tissue (94). In addition, removal of the top of the 
susceptibility matching alginate mould during compression of the TA muscle at day 0, 
to allow access of the indenter, could have had influence on the T2*-values due to 
increased field inhomogeneities. In part of the animals, areas with lower T2*-values 
compared to baseline were observed directly after load release at day 0, which can be 
an indication for the presence of haemorrhage, most likely caused by disrupted muscle 
fibres. T2*-values at later time points (> day 5) were also decreased, which can be 
explained by haemorrhages with the associated iron deposits and phagocytic activity 
(82). The former peaked at day 3, although T2* was not considerably different from 
baseline at this time point. This can be explained by competing effects from oedema, 
which increases T2* and haemorrhaging which lowers T2*. At the final day 14 time 
point TA muscle T2*-values were still lower than baseline, which can be explained by 
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the presence of fibrosis and remaining differences in tissue cellularity as compared to 
control skeletal muscle (127). 

The skeletal muscle water diffusivity depends on several tissue features, including 
tissue integrity, cellularity, intracellular and extracellular water fractions, and the 
presence of oedema (140). The mean diffusivity MD, also referred to as apparent 
diffusion coefficient (ADC) has been previously investigated in rat skeletal muscle 
under compression (128). The authors concluded that the skeletal muscle water MD 
was stable under compression. A confounding factor in their experiments, however, 
was the temperature changes in muscle tissue during the in vivo experiment, which 
probably obscured the effects of compression on MD. We clearly observed a 
significant increase in MD during deformation and in the first days after load release, 
which can be explained by the presence of oedema and cell swelling (51, 68, 136, 199). 
The decrease in MD from > day 5 can be explained by restricted diffusion from newly 
formed small and dense packed myocytes (50). Our histopathological evaluation 
revealed mild to moderate presence of interstitial fibrosis, which will provide an 
additional decrease in MD by restricted water diffusion. However, the low correlation 
of MR parameters with fibrosis emphasizes that it is challenging to specifically detect 
fibrosis in skeletal muscle by MRI. The probable reason is that the MRI contrast is 
dominated by other pathological features, such as oedema, inflammation, and 
haemorrhage. 

Reduced flow in the main supplying blood vessel was observed in several animals by 
TOF MRA, which provides support to previous reports of extensive regions with low 
perfusion underneath and distal to the indenter (178). Furthermore, in some animals it 
appeared that surrounding vessels carried more blood to the deformed TA muscle, 
although this is difficult to quantify using TOF MRA. Previous measurements of 
increased perfusion in the lateral and posterior compartments support this 
observation (104). Similarly, the observed hyperaemic response can be attributed to 
increased perfusion in the TA compartment after load release (68, 104, 178). A 
recommendation for future studies is the use of a quantitative MRI technique such as 
dynamic contrast enhanced, intravoxel incoherent motion, arterial spin labelling, or 
4D flow. 

Summarizing, the combination of multi-parametric MRI and histopathology provides 
the following principal observations, as indicted in Figure 2.11. T2 and T2-weighted 
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MRI corresponded with oedema, increased interstitial space, muscle cell damage, 
inflammatory onset, and inflammation. T2* provided a readout of tissue perfusion, 
haemorrhages, and inflammation. MD is sensitive to the integrity of the tissue 
microstructure and reflects muscle degeneration and oedema, as well as ECM 
remodelling during the muscle remodelling processes. TOF MRA provided 
information on occlusion of blood flow during the indentation period. 

Although the recovery processes and remodelling after the damage-causing action 
were detailed in this study, there are also some limitations. As an example, the 
remodelling kinetics of damaged muscle was variable between animals and may take 
up to 30 days (50, 198). Time to full remodelling depends on the extent of induced 
muscle damage, which was inevitably variable in this deep tissue injury rat model due 
to the inherent differences in the magnitude and angle of indentation, small 
anatomical variations between animals, the amount of induced ischemia by blockage 
of blood supply, and accumulation of waste products by differences in impaired 
lymphatic drainage (106). Furthermore, the damage development and the remodelling 
process hereafter may differ between muscles due to the difference in muscle 
geometry, muscle fibre distribution, and muscle fibre type. The extent and location of 
damage has previously been correlated to the values of deformation energy, which can 
be derived from FEA calculations (102). Additionally, it must be accepted that an 
animal model is a simplification of the human situation. As an example, thresholds for 
the damage-causing mechanisms, temporal profiles of recovery process and 
remodelling, are likely to differ between the two cases. Moreover, the in vivo changes in 
biochemical and bio-energetic processes as result of deformation, for example, pH 
decrease due to accumulation of waste products, were not determined. MR 
Spectroscopy could provide such information (140, 179). On top of that, information 
on the physical performance of damaged skeletal muscle was lacking as no functional 
or performance-based data was collected (71). 

The skeletal muscles of individuals at high risk of developing deep tissue injury and 
pressure ulcers in general, such as spinal-cord injury subjects, are likely to differ in 
structural composition when compared to those of ambulant subjects. Denervated 
muscle will become atrophic and fat infiltrated. This influences the mechanical 
properties of the muscle tissue and thus the way it deforms under compression. 
Moreover, differences in tissue perfusion and metabolism can influence the recovery 
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and regeneration processes. It would therefore be important to study deep tissue 
injury in disease models, including models of muscle denervation, muscle atrophy, and 
fat-infiltrated muscle. In addition, the use of Magnetic Resonance Elastography 
(MRE) would provide a biomarker which reflects the viscoelastic behaviour of muscle 
and the role of tissue stiffness on the development and remodelling of deep tissue 
injury (125). 

To conclude, the present study provides several implications for understanding deep 
tissue injury aetiology and for management of deep tissue injury in clinical practice. 
Importantly, we observed that the initial tissue response to deformation occurred at 
some distance from the centre of indentation, affecting a relatively large area. First 
signs of damage development may therefore be detected away from the deformed 
tissue, whereas current approaches for early detection generally focus on the actual 
site of indentation. Secondly, a single damage causing event, involving 2 h of 
indentation, was sufficient to cause extensive muscle damage that required at least 2 
weeks to recover. Repetitive loading of the tissue and longer loading periods are likely 
to exacerbate the extent of the damage. Reloading of the damaged tissue should be 
avoided by appropriate measures in order to allow for adequate remodelling. Finally, 
the multi-parametric MRI assessment provided specific imaging parameters which 
may become diagnostic for deep tissue injury related muscle damage development and 
remodelling. The quantitative changes over time for the various readouts (T2, T2*, and 
MD) demonstrate that these combined parameters provide different and 
complementary information on the extent, temporal evolution and microstructural 
basis of muscle damage. 
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Introduction 
A pressure ulcer is defined as: “a localized injury to the skin and/or underlying tissue, 
usually over a bony prominence, resulting from sustained pressure or pressure 
associated with shear” (130). Pressure ulcers may originate in the superficial skin layers 
and progress towards the deeper tissues, or in the deeper tissue near a bony 
prominence and progress to the skin surface. The latter case is termed a deep tissue 
injury where, in its early stage, the skin remains intact. Deep tissue injury is particularly 
a problem for insensate individuals, such as the spinal cord injured or unconscious 
individuals, since their lack of sensation does not alert them of a developing ulcer. 
These wounds progress rapidly and are usually categorised as stage 3 or 4 following 
skin breakdown (130) with an unpredictable prognosis.  

In the last decades much knowledge has been acquired related to the onset of pressure 
ulcers. Mechanisms that cause tissue damage include: ischaemia, direct cellular 
deformation, ischaemia-reperfusion damage and impairment of lymphatic drainage 
(104, 131). However detailed knowledge is still lacking on the spatial-temporal 
evolution of damage, how different damage mechanisms interact, to what extent tissue 
damage is reversible and how rapid tissue remodels.  

Insight into the aetiology of pressure ulcers, in particular the effects of cellular 
deformation, was obtained by a series of studies in the host laboratory involving 
indentation of the tibialis anterior (TA) muscle of Brown-Norway rats with the 
resulting damage monitored using magnetic resonance imaging (MRI). Muscle damage 
was reported in a localized zone directed from the indenter to the bone and was found 
to correlate histologically with increased MRI derived T2-values (21, 22). These MRI 
methods enabled tracking of the temporal profile of tissue damage in an in vivo model. 
To compare internal tissue strains and tissue damage an MR-compatible indentation 
device was subsequently developed (176). Based on the MR data, dedicated 2D plane 
stress finite element (FE) models were created and validated, leading to the 
establishment of a threshold value of maximum shear strain above which tissue 
damage will be induced (29, 30). In addition, after optimization of the model, the 
threshold was found to be similar for different loading regimens and a marked 
correlation was found between damaged area and applied strain energy (102, 106). In 
order to facilitate the use of 2D FE modelling techniques an oblong rounded bar-
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shaped indenter, with its long axis parallel to the target muscle, was used in all these 
studies since this provided approximate plane stress conditions. 

Recent MR data obtained from a similar experiment, showed that muscle damage 
extends along the muscle fibres, beyond the local indentation site (126). Since damage 
evolution was demonstrated to be a more complex 3D phenomenon, analysis of such 
experimental findings requires an extension of the existing 2D methods to 3D FE 
investigations. Formulation of 3D computational models is not trivial as it requires 
detailed 3D geometries, 3D meshing techniques, and knowledge of the 3D, and 
potentially spatially varying, boundary conditions. The latter must consider the 
appropriate representation of the indenter, the plaster cast that is used to fixate the leg 
and small movements of the tibial bone. The current paper describes the development 
approach of such a 3D FE model and the tools required for appropriate definition of 
boundary conditions. In addition, it addresses how the internal strain distribution is 
affected by: (i) the choice of indenter geometry, i.e. an oblong rounded bar or 
spherical shape, and (ii) perturbations in indenter orientation.  

Materials and Methods 
Animal model 
Analysis was performed on Sprague-Dawley rats that were part of a larger study on 
damage development in rats (125, 126). For the study described in this paper, data of 
10 female rats (11-14 weeks, Charles River, Paris, France) were used. Animals were 
housed under controlled laboratory conditions (12 hour light/dark cycles) with 
standard food and water provided ad libitum. 

Experimental protocol 
The experimental protocol has been recently detailed (125). Briefly, the animals were 
anesthetized with isoflurane (3-4 vol% for induction, 0.8-2 vol% for maintenance), in 
0.6 l/min medicinal air. Buprenorphine (0.05 mg/kg) was injected subcutaneously for 
analgesia and ointment was applied to prevent dehydration of the eyes. Each animal 
was placed supine on a heating blanket to maintain body temperature between 35-37 
⁰C, as monitored by a rectal probe. Breathing rate was monitored with a balloon 
pressure sensor and maintained within the physiological range (50-80 breaths per 
minute) by fine-tuning the anaesthesia. The hairs of the right hind limb were shaven 
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before the limb was fixated with alginate in a holder. A hollow cylindrical indenter 
with a spherical head of 3 mm diameter was filled with 1g/l CuSO4 solution enabling 
MRI visualization. Indentation was applied manually and maintained for a period of 2 
hours. MR images were recorded before, during and following the indentation period. 
The animal experiment was approved by the Animal Care and Use Committee of 
Maastricht University, Maastricht, The Netherlands (protocol 2013-047) and 
performed in accordance with the Directive 2010/63/EU for animal experiments of 
the European Union.  

MR measurement 
MRI was performed with a 7.0 T small animal MRI scanner, using an 86-mm diameter 
quadrature transmit coil and a 20-mm diameter surface receive coil (Bruker Biospin 
MRI GmbH, Ettlingen, Germany).  

The geometry of the limb was assessed with T1-weighted MRI using multi-slice-multi-
echo sequence in axial orientation with 20x1-mm-thick slices, field of view: 25x25 
mm2, 256x256 reconstruction matrix, fat suppression, echo time: 11.5 ms and 
repetition time: 800 ms. 

FE model 
All pre- and post-processing of the model was performed with MATLAB (R2013b, 
the Mathworks, Matick, MA, USA) scripts developed based on the open source 
MATLAB toolbox GIBBON (v1.01 (117). Meshing and FE analysis was performed 
with Abaqus (2017, Dassault Systèmes Simulia corp., Providence, RI, USA). 

Segmentation and contour creation 
The skin and tibial contours were segmented from the T1-weighted images with a 
semi-automatic algorithm based on iso-contours of signal intensity. A surface coil was 
used in combination with a volume coil to obtain high quality MR images in a 
reasonable time frame. The use of a surface coil introduced a gradient in the images, 
which resulted in some regions with poor signal-to-noise ratio. This necessitated 
manual segmentation, which is illustrated by the less dense contour points in the lower 
part of the leg in Figure 3.1A. The segmented contours were redefined to have 
circumferentially equidistant points by performing a shape-preserving piecewise cubic 
interpolation, as illustrated in Figure 3.1B. By translating the coordinates from  
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Figure 3.1. (A) The original segmented skin contour during loading. The lower part of the skin 
contour was manually segmented leading to fewer contour points. (B) The redefined skin 
contour with equidistant points. (C-D) T1-weighted image with the skin contour in blue and the 
tibial contour in red. (C) before indentation, (D) during indentation. 

Cartesian to cylindrical coordinates, the indices were redefined to start at a fixed angle, 
after which the indices were translated back to Cartesian coordinates (Figure 3.1A). 
The resulting contours are shown together with the T1-weighted image in one slice in 
the unloaded and loaded state in Figures 3.1C and 3.1D, respectively. 

Cast contours were created by copying the skin contours before indentation and 
applying a radial offset of 0.2 mm. To ensure that the cast was longer than the leg, the 
first and last contour were duplicated and positioned with an offset of 1 mm. 

Geometry, meshing and materials 
The model consists of 3 components: limb, indenter and cast. 
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To create the geometry of the leg, the skin and bone contours were imported into 
Abaqus. The skin contours were connected slice by slice to create the skin surface. 
The same was done for the bone contours. The soft tissue volume was closed by 
connecting the skin and bone contours of both the first and the last slice. To reduce 
computational time a contact area was defined on the skin surface specifically for 
contact with the indenter. To define this area, a circle (6 mm in diameter) was created 
that hovered above the skin and that was concentric with the indenter long axis. The 
projection of this circle along the indenter long axis onto the skin defined the region 
where skin-indenter contact was prescribed by partitioning the surface. If necessary, 
the size and position of the contact area were adjusted manually. The limb was 
meshed with quadratic tetrahedral elements with modified hourglass control and 
hybrid linear pressure formulation (C3D10MH), with a mesh seed between 1 and 0.9. 
The mesh seed was kept constant between models of the same animal. The bone 
surface was defined as a rigid surface. The constitutive behaviour of the soft tissue of 
the leg was modelled using the following uncoupled and first-order Ogden 
hyperelastic formulation: 

 𝑈 = 2𝜇𝑚

𝛼2
��̅�1

𝛼 + �̅�2
𝛼 + �̅�3

𝛼 − 3� + 1
𝑀

(𝐽 − 1)2 (3.1) 

 �̅�𝑖 = 𝐽−
1
3𝜆𝑖 (3.2) 

 𝐽 = det(𝐅) (3.3) 

with 𝑈 the strain energy, 𝜆𝑖  the principal stretches and 𝐅 the deformation gradient 
tensor. The material parameters used were based on previous work: 𝜇𝑚 =3.65 kPa, 𝛼 
=5, 𝐷 =57 mm2/N (106). 

A surface representing the cast was created by lofting the contours that were created 
earlier. To allow indentation, a circular hole (± 6 mm in diameter) was made in the 
cast. In the model the hole was created by introducing a circular wire (6 mm in 
diameter) above the cast concentric with the indenter long axis. The projection of this 
wire onto the surface was used to partition the surface of the cast and to remove the 
inner surface. The wire was connected to the cast to create the final geometry. 
However, due to the complex geometry connecting the wire to the cast was not always 
possible. In those cases the location, size and orientation were adjusted manually. The 
cast was modelled as a rigid body and meshed with three dimensional, 3-node surface 
elements (SFM3D3).  
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The indenter was modelled as an analytical rigid.  

Boundary conditions 
The indenter movement was derived from the T1-weighted images. To achieve this a 
signal intensity threshold, combined with a connected component threshold was used 
to identify the group of voxels with contrast fluid inside the indenter. The orientation 
of the indenter was determined by calculating the eigenvectors of the moment of 
inertia tensor based on the contrast fluid voxel group ( Figure 3.2a, green arrow).  

To accurately determine the indentation depth the intersection of the skin with the 
main axis of the indenter was obtained. Since 2 intersections could be identified, one 
at the site of indentation and one on the opposite side of the leg, a search area needed 
to be defined to restrict the skin surface to a region of interest (ROI). A concentric 
cylinder (5 mm in diameter) around the indenter long axis was used as a search area to 
isolate the vertices in the ROI of the deformed skin contours (Figure 3.2B-C). To 
dismiss the skin vertices on the opposite side of the leg, the length of the cylinder was 
chosen such that it penetrated the skin surface to a maximum of 1.5 mm. The 
resulting ROI is illustrated by the pink region in Figure 3.2D. An initial estimate of the 
penetration depth was made by finding the skin vertex in the ROI with the maximal 
distance to the centre of mass (COM) of the indenter. This vertex did not lie exactly 
on the long axis of the indenter. The projection of the vertex onto the indenter long 
axis was used as the final position of the tip of the indenter. 

The initial position of the indenter was obtained by using the skin contours before 
indentation. The intersection of the main axis of the indenter with the skin contours, 
nearest to the COM, was computed, as indicted by the red dot in Figure 3.2E. An 
extra 1 mm was added to ensure that the leg and the indenter were separated at the 
start of the simulation. In the simulations the indenter was translated from the initial 
to the final position. Frictionless surface to surface contact between the indenter 
(master) and skin (slave) was modelled with finite sliding and ‘hard’ contact.  

Although the leg was immobilized, it was inevitable that the indentation caused a small 
translation and rotation of the bone underneath the TA muscle. The movement of the 
COM of the bone was used to determine the translation. To determine the rotation, 
the bone vertices before and during indentation were first translated such that the 
COM’s coincided. Next the rotation needed to align these bone states was found by 
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Figure 3.2. (A) Axial and sagittal cross sections of the T1-weighted scan. The group of voxels 
labelled with contrast fluid (red) with corresponding eigenvectors. The green arrow represents 
the orientation of the indenter used for FE analysis. (B-C) The skin contour (grey) and the 
cylinder (red) which defined the skin coordinates in the ROI for indentation. The indenter 
orientation is shown in blue. (B) top view. (C) side view. (D-E) The skin contour (grey) with the 
indenter orientation (black arrow), the indenter original position (orange) and end position 
(green). (D) the skin region associated with indentation (pink). (E) an enlargement of the 
intersection of the skin contours before indentation with the indenter orientation (red dot, 
indicated by the blue arrow). 
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Figure 3.3. The bone contours before (black) and during (grey) indentation. (A) at original 
positions. (B) with coinciding COM’s. (C) after minimization of the distances to the nearest 
vertices. 

minimizing the vector of squared distances to nearest vertices, based on the 
Levenberg-Marquardt algorithm as implemented in the MATLAB lsqnonlin function 
(Figure 3.3A-C). The determined translation and rotation were applied as essential 
boundary conditions in the simulation. No boundary conditions were applied to the 
proximal and distal end of the soft tissue. 

The position of the cast was fixed in space. Frictionless surface to surface contact was 
modelled between the cast (master) and skin (slave) in a similar manner to the 
indenter skin contact. 

To prevent FE convergence issues the boundary conditions were applied in four 
steps. Step 1-3 involved the rotation of the bone about the different axis. Step 4 
contained the translation of the bone and the translation of the indenter. Boundary 
conditions of the bone were applied on its COM. 

Model adaptations 
To analyse the effect of indenter choice, for each animal both types of indenters were 
simulated in the present study: (i) the indenter used during the current experiments 
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with a spherical head of 3 mm in diameter (Figure 3.4A, 3.4E); (ii) the oblong rounded 
bar-shaped indenter used in previous studies, incorporating a cylinder of 3 mm with 
hemispherical ends of 3 mm diameter. (Figure 3.4B, 3.4F).  

To investigate the sensitivity of the model to small errors in determining the indenter 
orientation the models were run with 5 different indenter orientations: the orientation 
as it was originally derived from the MRI images (Figure 3.4C-D, grey indenter in the 
middle), two variations with a ±15° offset with respect to the X-axis (green and purple 
indenter), two variations with a ±15° offset with respect to the Z-axis (red and blue 
indenter). An offset of 15o was chosen as this was deemed in excess of the predicted 
error in the method of deriving the indenter orientation described earlier. As such, 
these offset orientations can be viewed as extreme or ‘worst case’ scenarios. For each 
animal a total of 6 models were created. 

Post-processing 
Comparing peak strains between simulations has been previously employed in 
pressure-ulcer-related studies (169) . However, the peak strain in a model can be 
influenced by very local phenomena such as tiny curvatures in the bone, causing very 
high gradients in the displacement field. Therefore, the overall peak strain is not 
considered a reliable metric to compare FE models. As a consequence, recent studies 
have employed an alternative approach involving the volume of the tissue with strains 
in a certain strain interval to compare loading regimens (119, 133, 135). 

The maximum shear strain (MSS) was defined according to equation 3.4:  

 MSS = 1
2

(𝑇1 − 𝑇3) (3.4) 

with E1 the maximum principal strain and E3 the minimum principal strain. The 
maximum shear strain on the centroid of the elements and the volume per element 
were exported from Abaqus. Most of the leg modelled was not affected by the 
indentation (29); ≥ 97% of the leg of the models with the spherically shaped indenter 
had a 𝑀𝑆𝑆 < 0.3. A volume of interest (VOI) was defined as the volume with shear 
strain levels >0.3. Shear strain ranges were defined as: 0.3-0.4, 0.4-0.5, 0.5-0.6, 0.6-0.7, 
0.7-0.8, 0.8-0.9, 0.9-1.0, >1.0. For each shear strain range, the volume percentage of 
the VOI was determined using these criteria.  
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Figure 3.4. (A) The spherically-shaped indenter used in the current experiment. (B) The oblong 
rounded bar-shaped indenter modelled used in previous experiments. (C) Top view of all tested 
indenter orientations: purple +15° X-axis, green -15° X-axis, red +15° Z-axis, blue +15° Z-axis, 
grey (in the middle) the indenter orientation estimated from the MR images (D) Side view of all 
tested indenter orientation. The intersection of the indenter axis is the end position of the 
indenter. (E-F) The FE models, with the leg in blue, the cast in white and the indenter in red. 
(E) with spherically-shaped indenter used in current experiments. (F) with oblong bar-shaped 
indenter used in previous experiments. 
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Results 
Comparison indenter geometries 
A comparison between the results using both spherical and oblong-shaped indenters 
are shown for animal 2 in Figure 3.5. The 7 cross sections through the tissue are 
orientated in line with the indenter orientation and spaced 1 mm apart as illustrated by 
Figure 3.5A, with the corresponding maximum shear strains in Figure 3.5B. For all 
models with the oblong-shaped indenter the highest strains were found in the regions 
around the hemispherical side regions and not centrally underneath the indenter. 
Depending on the angle of indentation this occurred at either one or both 
hemispheres. For the models with the spherically-shaped indenter the highest strains 
were found in the slice passing through the middle of the indenter (slice 4).  

The effects of indentation angles 
A comparison between the results of all indenter orientations for the spherical 
indenter is shown for slices 3-5 of animal 2 in Figure 3.6. It was evident that changing 
the indenter orientation resulted in a minor change in both the location of the VOI 
and the associated distributed strain. This is exemplified by the +15° offset around the 
X-axis. In this particular case, higher strains were estimated in slice 3 compared to 
slice 3 in the original model (top row, Figure 3.6).  

The VOI with strains higher than 0.3 is shown in Figure 3.7A. In all models, except 
animal 3, a +15° offset around the X and Z-axis resulted in an increase in the VOI, 
whereas a -15° offset resulted in a decreased VOI. The increase in volume was larger 
than the decrease with a maximum of 12.8 (20%) and 7.0 (13%) mm3, respectively. 
The average change in volume of the models was 1.40 mm3.  

The strain range per volume percentage of the VOI for each model is shown in 
Figure 3.7B. Note that despite the intra-variations in VOI between models, the strain 
distribution remained approximately the same. For example, the distribution of the 
shear strains up to 0.6 was very similar within animals (approx. 85%). Even between 
animals it was similar, although the percentage was slightly smaller for animals 4 and 5. 
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Figure 3.5: (A) Schematic to identify the cross sections. (B) Cross section of the maximum shear 
strain for the indenter with spherical head (top row) and the oblong-shaped head (bottom row) 

 
Figure 3.6: Cross sections of the maximum shear strain in three slices for the 5 orientations of the 
spherically-shaped indenter. 
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Figure 3.7: Results for the spherically-shaped indenter for each animal and model the (A) VOI is 
shown. (B) volume percentage of the VOI is shown per specific maximum shear strain range.  
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Discussion 
In the present study a method is described to semi-automatically derive animal-
specific FE models from MRI. The current method is an extension of previously 
described 2D models (29, 30, 102, 106) to 3D to enable a more complete analysis 
across the whole limb. Experimentally a new geometry was used which had a marked 
influence on the strain distribution as evaluated by FE modelling. Perturbations in the 
estimated indenter orientation did not unduly influence the results of the simulations.  

For the previously used oblong bar-shaped indenter the highest strains were estimated 
to occur near the hemispherical regions (slices 1-2, Figure 3.5B) as opposed to the 
central region of the indenter (slices 3-5, Figure 3.5B). Because of the curved 
geometry of the leg it was challenging to position the indenter perpendicular to the 
skin surface and/or parallel to the bone. Discrepancies in the orientation for this 
indenter were found to have an effect on the location and magnitude of the highest 
strains. Therefore the 2D studies conducted previously (29, 30, 102, 106) may have 
slightly underestimated the maximum shear strains. This will influence the strains that 
represent the threshold above which deformation damage starts to occur in rats. 
However, it would be unwise to directly translate these threshold values to a human 
model, given the inherent variability between individual patients. 

To evaluate the effects of the error in estimating the indenter orientation 4 offsets 
were simulated for each model. These offsets were chosen such that they represent a 
‘worst case scenario’, i.e. the offset angle of 15o was deemed higher than the predicted 
error in the actually determined indenter orientation. This was validated by visually 
comparing the contours of the skin obtained from MRI to the skin surfaces that 
resulted from the FE analysis using the different offsets (data not shown). All indenter 
offsets resulted in a poorer agreement between the FE model and the MRI contours. 
The effects of the offsets on the size of the VOI were small, typically < 15% for 83% 
of the models, and were minimal on the strain distribution within the VOI. 

The creation and analysis of these 3D animal specific computational models is not 
trivial, as described by other authors as well (57, 109, 119). Due to the complexity of 
the geometry and boundary conditions of these models, manual intervention remains 
necessary in our case. Furthermore, convergence was not always obtained, due to 
severe distortion of elements, which could be aided by re-meshing and contact issues, 
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which might be resolved by using an explicit analysis. When one or more models for 
an individual rat experiment did not reach convergence, all models of that specific 
animal were excluded from the analysis. Seven animals were deemed sufficient to 
perform the analysis 

In the current study a visual comparison between the FE predicted skin contours and 
the MRI measured contours (data not shown) was made to evaluate which indenter 
orientation matched best to the experimental data. Other methods might be used to 
compare the FE results to the experiments. Actual strains may be compared by using 
MRI based deformation measurements techniques e.g. SPAMM (spatial modulation of 
magnetization) (30, 118). 

All soft tissues were modelled together as one isotropic nonlinear elastic material. 
Sprague-Dawley rats have a negligible amount of subcutaneous fat rendering it 
unnecessary to model this separately. Although the skin would absorb some of the 
loading, modelling the skin separately would have negligible effects on the outcomes 
described here due to the very thin thickness of the skin and the loose skin properties 
of Sprague-Dawley rats. Material parameters were based on a previous study (102) and 
were kept constant for all animals. These parameters would in reality be subject-
specific. The objective of this study was to compare model variation within animals, 
so adjustment of the material properties would not influence the outcomes. 

Muscle tissue is well-known for its anisotropic properties. (20, 107). Addition of 
anisotropy and its mechanical properties would be a logical next step in the 3D 
modelling of muscle tissue. Diffusion tensor imaging could be performed to obtain 
the muscle fibre directions for each specific animal. In the current experiments 
animals where under anaesthesia for 6 hours. Addition of diffusion tensor imaging to 
the protocol would mean extending the anaesthesia time, which was considered to be 
undesirable by the authors. Because animal specific data on fibre direction was not 
obtained experimentally, anisotropy was not included in the model. One option would 
be to obtain the muscle fibre directions for a few animals separately and to morph the 
structure into the animal specific geometries. This would only benefit the model if 
appropriate mechanical properties are implemented as well. To do so the mechanical 
properties should be determined experimentally for the rats, preferably in different 
directions for compression as well as stretch. Van Loock et al. reported only small 
differences (± 2-fold) in material parameters describing the transverse and longitudinal 
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Youngs modulus of fresh porcine muscle tissue. With such small differences it is 
unlikely that the outcome of our simulations would be highly affected.  

It has been well established that it is impossible to perform these animal studies in 
such a way to produce an a priori strain distribution (21, 176). The position of the 
indenter is difficult to reproduce and due to biological variability each animal will 
present with a different geometry of soft tissues and bone. This limitation could be 
overcome through the use of dedicated FE models, enabling a detailed reconstruction 
of the mechanical loading conditions applied to each animal. The benefit of studying 
multiple animal experiments with varying indentation locations and orientations, when 
combined with dedicated and 3D FE, is that a large variety in deformation states and 
deformation magnitudes can be examined. In this paper we have expanded the single 
slice 2D analysis considerably by combining a 3D MRI and 3D FE analysis of the 
entire leg region. With this experimental approach a multitude of other parameters 
could simultaneously be obtained, which from a conceptual standpoint has clearly 
ethical benefits. A comparison of the mechanical loading state with the physiological 
damage response, as measured with other MRI parameters, histology and biochemical 
analysis of blood and urine, was outside the scope of the current study, and will be the 
focus of future work.  
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Introduction 
Pressure induced deep tissue injury (DTI) is a severe type of pressure ulcer where 
tissue damage originates subcutaneously, usually close to a bony prominence (130). If 
undetected, the wound will progress to the skin surface where it can be detected as a 
category III or IV pressure ulcer with variable prognosis. Both the spinal cord injured 
(SCI) and patients in intensive care units are typically at risk of developing a DTI (36, 
161) due to their inherent lack of sensation, immobility and the exposure of their soft 
tissues to prolonged mechanical loading. However, objective reliable prediction of 
patients at imminent risk of tissue damage is limited. Risk factors such as activity 
levels, micro-environment, prior skin damage and general health provide the primary 
subjective indicators available to medical professionals. These factors are evaluated 
based on clinical expertise, usually in association with risk assessment tools, typically 
using the Braden, Norton, or Waterlow scales (122, 130, 160). Unfortunately, 
individual risk models for developing DTI have limited predictive value. 

To evaluate generic risk of developing PUs due to mechanical loading interface, 
pressure-time curves have been established (42, 90, 146). The hyperbolic interface 
pressure-time curve suggest that a high pressure over a short time period and a smaller 
pressure over an extended period would present a similar risk to PU formation. 
However, studies have indicated that interface pressure mapping, although clinically 
useful, provides only limited information on the internal mechanical deformations in 
soft tissue. Indeed, finite element (FE) modelling has predicted that the highest strains 
occur internally near the bony prominences as opposed to the interface of the skin 
and supporting surface (62, 98, 99, 132, 134). Hence, interface pressures alone are a 
poor predictor of the internal damage-causing strains.  

Using a multi-scale approach, ranging from cell models, ex-vivo studies with tissues 
and animal models of DTI, it was subsequently shown that there are at least two 
damage mechanisms which play an important role in PU development (21, 22, 30, 58, 
59, 104–106, 177, 178). One of the mechanisms is ischaemia/reperfusion; a slow 
process in which cells experience a shortage of oxygen and nutrients and waste 
products accumulate in the tissues. This process takes several hours before the first 
signs of cell damage can be detected (29, 30, 104, 106, 177, 178). Reperfusion by load 
release can cause additional damage by oxidative stress. The second mechanism 
reported was that cells can be damaged in a period of minutes by direct (shear) 
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deformation. The amount of cell damage is linearly correlated to the magnitude of 
applied strain. This process was termed direct deformation damage. The processes by 
which this fast-occurring damage develops are not entirely clear, although it probably 
involves damage to the cell membrane and re-organisation of internal cell structures. 
Loerakker et al. (106) found that by combining an animal model of DTI with 
numerical modelling this type of damage only occurs when a certain strain threshold is 
exceeded. The amount of damage clearly correlated to the total applied strain energy. 
These findings are in agreement with the sigmoid-like pressure/strain versus time risk 
curve as originally proposed by Linder-Ganz et al. based on animal studies (95) and 
later confirmed using tissue engineered constructs (63) and animal models (105, 106). 

The aforementioned experimental studies were analysed with 2D FE-models. In the 
animal studies an oblong-shaped indenter was employed to ensure that the muscle 
deformation could be simulated with a 2D FE-analysis (29, 30, 104, 106, 177, 178). 
Gefen et al. used an axi-symmetric model to analyse cell death in tissue engineered 
muscle (63). In a recent study by the authors an indenter with a spherical head was 
applied to the lower leg of rats and damage development was analysed using different 
MR-imaging techniques. Analysis included regions of the leg that were not actually 
deformed (126). Interestingly, damage was not limited to the site of indentation, but 
extended throughout the entire muscle tissue. From this finding it was evident that an 
accurate evaluation of strain-damage relationship requires a 3D, as opposed to a 2D 
FE-approach. 

The aim of this study was therefore to employ a 3D FE analysis for estimation of 
internal tissue strains in a rat model of DTI, and to correlate strain levels with the 
extent and severity of damage throughout the leg, to provide an improved 
understanding of both the spatial and temporal relationships between internal strains 
and damage. 

Methods 
Animal model 
Female Brown-Norway (n=6) and Sprague-Dawley rats (n=33), age 11-14 weeks 
(Charles River, Paris, France) were housed under controlled laboratory conditions (12 
hours light/dark cycles) with standard chow and water provided ad libitum. All animal 
experiments were approved by the Animal Care and Use Committee of Maastricht 
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University, The Netherlands (protocol 2013-047). Experiments were performed in 
accordance with the European Union Directive for animal experiments 
(2010/63/EU). The animals used in this study were part of a larger study on damage 
development in rats (126). 

Experimental protocol 
Detail on the experimental set-up to study the development of DTI in an MRI 
scanner have been detailed previously (125). To review briefly, anaesthesia was 
induced with isoflurane (3-4 vol% for induction, 0.8-2 vol% for maintenance), in 0.6 
l/min medicinal air. Analgesia was injected subcutaneously (Buprenorphine: 0.05 
mg/kg, Temgesic). Dehydration of the eyes was prevented with ointment. Each 
animal was placed supine on a heating blanket to maintain body temperature between 
35-37 ⁰C, as monitored by a rectal probe. Breathing rate was monitored with a balloon 
pressure sensor and kept within the physiological range (50-80 breaths per minute) by 
fine-tuning the anaesthesia. The right hind limb was shaven and fixated with alginate 
in a specially designed holder. For MRI visualization a hollow cylindrical indenter, 
with a spherical head of 3 mm diameter, was filled with 1g/l CuSO4. Indentation was 
applied manually and maintained for a period of 2 hours. MRI scans were acquired 
before (the reference scans), during and after indentation.  

MR measurements 
MRI was performed with a 7.0 T small animal MRI scanner equipped with an 86-mm 
diameter quadrature transmit coil and a 20-mm-diameter surface receive coil (Bruker 
Biospin MRI GmbH, Ettlingen, Germany). Anatomical images were acquired using an 
T1-weighted sequence. Presence of oedema, indicative of damage, was assessed using a 
quantitative T2-mapping sequence. For both scans: sequence = 2D multi-slice-multi-
echo (MSME) in axial orientation, number of slices 20, slice thickness = 1 mm, field 
of view (FOV) = 25x25 mm2, matrix (MTX) = 256 x 256, and fat suppression. For 
the T1 scan: echo time (TE)=11.5 ms, and repetition time (TR)=800 ms. For the T2-
mapping scan: TR = 4000 ms, TE=6.95-180.7 ms, with 26 equally spaced echoes. 

Quantitative T2-maps were obtained by fitting the MR signal (S) of the first 16 echoes 
per voxel to equation 4.1:  

 𝑆 = 𝑆0𝑒
−𝑇𝑇
𝑇2  (4.1) 
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A region of interest (ROI) of the tibialis anterior (TA) muscle was manually drawn on 
the first TE image of the T2-mapping images. A slice was accepted for analysis if > 
90% of the ROI voxels yielded a coefficient of determination: R2 > 0.9. A minimum 
of 8 accepted slices in the region of indentation were required for analysis.  

Per slice of the reference scan the mean and standard deviation (σ) were calculated. 
When 3 or more adjacent voxels yielded a T2-value which exceeded the mean + 3 σ, 
the region was considered significantly enhanced. It was previously extensively 
validated that elevated T2-values correspond to oedema formation and muscle damage 
(21, 126, 177). 

Finite element analysis 
FE modelling was performed as described in (184). To review briefly, pre- and post-
processing was performed with Matlab (R2013b, the Mathworks, Matick, MA, USA), 
and the GIBBON toolbox 1.01 (117). Meshing and FE analysis was performed with 
Simulia Abaqus (2017, Dassault Systèmes Simulia corp., Providence, RI, USA). The 
geometry of the leg was derived from segmented skin and bone contours in the T1-
weighted reference scan (Figure 4.1A). The leg was meshed with quadratic tetrahedral 
elements with modified hourglass control and hybrid linear pressure formulation 
(C3D10MH). The geometry of the cast was created by giving a radial offset of 0.2 mm 
to the skin contour. The cast was meshed with surface elements (SFM3D3). The 
indenter direction and position were obtained from the T1-scan during indentation 
(Figure 4.1B). Movement of the tibia was determined by calculating the translation 
and rotation of the bone contours before and during indentation. The indenter was 
modelled as an analytical rigid surface. The cast and tibia were modelled as rigid 
surfaces (Figure 4.1C). Displacement of the tibia bone and indenter were provided as 
essential boundary conditions. Frictionless surface-to-surface contact was assumed 
between the skin (slave) and both the cast and the indenter (masters). The leg was 
described as a homogenous elastic material using the Ogden model according to 
equation 4.2 and 4.3:  

 𝑈 = ∑ 2𝜇𝑚

𝛼2
��̅�1

𝛼 + �̅�2
𝛼 + �̅�3

𝛼 − 3� + ∑ 1
𝑀

(𝐽 − 1)2  (4.2) 

 �̅�𝑖 = 𝐽−
1
3𝜆𝑖 (4.3) 

with 𝑈  the strain energy and 𝜆𝑖  the principal stretches. Material parameters were 
adapted from earlier research: 𝜇𝑚 = 3.65 kPa, 𝛼 = 5, 𝐷 = 57.5 [mm2/N] (106).  
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Figure 4.1: T1 weighted MR images before (A) and during (B) indentation with the skin contour 
in blue and tibia contour in red. The displacement of the indenter and bone were determined 
from the MRI images. T = tibia, F = fibula, TA = tibialis anterior muscle, I = indenter. C) The 
FE model with the indenter in red, soft tissue in blue and cast in white.  

Post processing 
Maximum shear strain (MSS) was calculated with Abaqus according to equation 4.4:  

 MSS = 1
2
�𝜀1𝑙 − 𝜀3𝑙 � (4.4) 

with 𝜀1𝑙  the maximum principal logarithmic strain and 𝜀3𝑙  the minimum principal 
logarithmic strain. The strain energy density and the volume per element were 
exported from Abaqus. The MSS was exported on the centroid of the elements. Based 
on previous work, a volume of interest (VOI) was defined with MSS above a shear 
strain threshold of 0.6 (29, 119). For the purpose of analysis and presentation animals 
with a MSS > 0.6 were categorised in three groups according the highest MSS present 
in the VOI according to the following ranges: 0.6-0.8, 0.8-1.0, and >1.0.  

To compare the current results with those from previously published data (106) a 
similar approach was adopted to relate strains to deformation-induced damage. The 
strain energy was calculated according to equation 4.5:  

 𝑈𝑡𝑡𝑡  =  �∑ 𝑈𝑖  ×  𝑣𝑣
𝑁𝑣𝑇𝑇 𝑅𝑅𝑅

𝑖 =1 � (4.5) 

With 𝑈𝑖 the strain energy density in gridpoint 𝑖, 𝑁𝑣𝑇𝑇 𝑅𝑅𝑅 the number of gridpoints of 
the TA muscle ROI and 𝑣𝑣 the voxel volume. The strain energy necessary to deform 
the TA muscle was correlated to the volume of significantly increased T2-values in the 
ROI of the TA muscle in the four slices directly under the indenter. Strain energy 
density data were interpolated to a 3D grid corresponding to the MRI coordinate 
system using a natural neighbour interpolation algorithm.  
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Results 
For 2 animals the T2-maps did not satisfy our quality criterion and the FE models of 5 
animals did not reach convergence, which resulted in a total of 32 animals included in 
the subsequent analysis. 

Figure 4.2 shows axial cross sections of the leg, obtained from the T2-maps and FE 
model, for a representative animal with extensive muscle damage (animal 22). Before 
indentation the T2-values of muscle tissue were consistent throughout the leg muscles 
(Figure 4.2A-D). During indentation T2-values increased mainly in the anterior 
compartment of the leg. There was a diffuse increase in the extensor digitorum longus 
(EDL) and a localised increase at the interosseous membrane (IM) and between the 
crural fascia and the skin in all regions of the leg (Figure 4.2E-H). Distally a localised 
increase at the fascia of the TA and EDL muscle was observed. After removal of the 
indenter, T2 increase in the EDL and the TA muscle displayed a structured epi-
perimysium like pattern (Figure 4.2 I-L). This was observed in all regions of the leg, 
exposing damage in areas even where the internal strains during indentation were low. 
The highest maximum shear strains (0.8-1.0) were localized adjacent to the indenter 
(Figure 4.2M-P). 

Affected volumes derived from MRI, i.e. volume with high T2-values (Vdi), were 
compared to strain parameters derived from FE analysis, i.e. volumes of voxels (VOI) 
with MSS > 0.6 (Figure 4.3A). In animals where the MSS threshold of 0.6 (VOI = 0) 
was not reached T2-values increased only marginally (animal 27,31,32). By contrast, in 
all animals with MSS > 1.0 and a VOI > 12mm3 a damage response was observed. 
Animals with 0.6 < MSS < 1 showed a variable response. In those cases with a 
damage response, Vdi was 2-20 times larger than VOI, illustrating that once damage 
occurred, it progressed to regions with lower strains. Affected volumes derived from 
MRI, i.e. volume with high T2 values (Vdi), were also compared to the total strain 
energy density (Utot) of the TA muscle (Figure 4.3B), similar to (106). The main 
observations are similar to Figure 4.3A. In particular, where no damage was evident 
strain energy values were below 0.05J, whereas damage occurred above 0.15J in all but 
one animal. In-between these values a large variability in the damage response is 
observed.  



Chapter 4 

62 

 
Figure 4.2: T2 maps pre, during, and post indentation as well as calculated maximum shear 
strain (MSS) maps of a representative animal (#22) with severe muscle damage. Axial T2-maps 
(A-D) before, (E-H) during, and (I-L) after indentation. (M-P) Maximum shear strain (MSS) 
map during indentation calculated with FE analysis. Slices were located distal to indentation (1st 
column), along the axis of indentation (2nd and 3rd column), and proximal to indentation (4th 
column). IM = Interosseous membrane, EDL = extensor digitorum longus muscle.  

It is well known that this animal model of DTI yields a variable response, depending 
on a number of factors, including variability in the magnitude and direction of 
indentation, magnitude and extent of induced ischemia, and physiological variability 
between animals(126). Therefore, it is appropriate to present a few observations for 
individual animals. First a subset of 3 animals with different loading condition and 
varying degrees of resulting damage, i.e. animal 31, 3 and 6, as shown in Figure 4.4. 
For animal 31, which experienced minimal indentation, MSS < 0.6 , VOI = 0 mm3 
and Utot = 0.03 J (Figure 4.3). This animal presented negligible increase in T2-values in 
the TA muscle (Figure 4.4A-D). For animal 3, with moderate indentation, 0.6 < MSS 
< 1.0, VOI = 6.6 mm3 and Utot = 0.08 J (Figure 4.3). The structured increase in T2-  
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Figure 4.3: TA muscle volume of significantly elevated T2-values (Vdi) as function of FE-derived 
strain metrics. (A) Vdi as function of volume of voxels (VOI) with varying maximal MSS range. 
(B) Vdi as function of the total strain energy density (Utot) of the TA muscle. Each data point 
represents an individual rat. Data points are divided and color-coded in 7 groups according to rat 
strain and the highest MSS range present in the model. SD = Sprague-Dawley, BN: Brown-
Norway 

values resembled a muscle fibre pattern (Figure 4.4I-L) with a volume of 39.7 mm3 
(Figure 4.3A). Animal 6 was subjected to a severe mechanical deformation with MSS 
up to 1.23 resulting in a VOI = 23.3 mm3 and Utot = 0.26 J (Figure 4.3A-B). A 
structured increase of T2 was evident in the TA and the EDL muscle in all regions of 
the lower leg (Figure 4.4Q-T), leading to a Vdi = 169.8 mm3.  

However, some animals presented a different damage response at comparable loading, 
examples of which are shown in Figure 4.5 for animal 13 and 28. For animal 13 
(Figure 4.5A-D), VOI = 5.0 mm3 with the highest MSS present in the range (0.8-1.0)  
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Figure 4.4: T2 maps and calculated MSS maps for animal 31, 3, and 6, illustrating a different 
damage response with varying degree of indentation. Slices were located distal to indentation (1st 
column), along the axis of indentation (2nd and 3rd column), and proximal to indentation (4th 
column). 
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Figure 4.5: T2 maps and calculated MSS maps for animal 13 and 28, illustrating a different 
damage response with similar degree of indentation. Slice were located distal to indentation (1st 
column), along the axis of indentation (2nd and 3rd column), and proximal to indentation (4th 
column). 

localised adjacent to the indenter (Figure 4.3A, Figure 4.5E-H). After indentation Vdi 
was rather small (0.5 mm3) despite the moderate loading. By contrast, for animal 28, 
VOI = 2.6 mm3 with the highest MSS in the range of 0.6-0.8 (Figure 4.4.5M-P). 
Despite that both VOI and MSS are lower than for animal 13, a larger structured 
increase throughout the whole lower leg was observed with Vdi = 49.2 mm3 which 
amounts to 36% of the TA muscle. 
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Discussion 
In this study we employed 3D FE modelling in order to quantify the relationship 
between internal tissue strains and the amount of tissue damage in a rat model of deep 
tissue injury. Key to our approach was the use of a dedicated 3D FE model for each 
individual animal, which was possible because of precise 3D anatomical information 
gained from MRI scans pre, during, and post damage-inducing deformation (184). 
Additionally, T2-mapping MRI provided precise information on the magnitude and 
extent of muscle damage. 

We observed a mechanical threshold above which deformation damage occurs for the 
2 hour loading condition, similar to previous findings with this model (106). However, 
there was a less evident correlation between damage volume and applied strain energy 
as observed previously, possibly due to the change in indenter shape or the rat strains. 
The animals presented no distinct threshold at a well determined strain or strain 
energy value, but rather a transition zone between a ‘safe’ region and a ‘danger’ region 
with a high probability of tissue damage. Additionally, from the 3D approach it is now 
clear that once damage occurs in muscle it extends to a much larger area than that 
associated with the highest strains.  

Dedicated FE models were used to simulate internal tissue deformations during 
loading. These 3D models build on the previously validated 2D FE-models developed 
in the host lab (30, 102). The material description will not have a substantial influence 
on the calculated internal strain distributions, because of the large kinematic restriction 
of the experiment and the model, viz. leg movement is restricted by the cast and the 
indenter displacement largely dictates the deformation. Therefore, the internal tissue 
strains and the strain threshold can be compared to previous work (29, 30). In both 
sets of studies a maximum shear strain of approximately 0.6 represented a threshold 
for deformation damage in healthy rats. However, a direct quantitative comparison 
between strain energy values in the different studies was not possible due to important 
influence of the assigned material properties (106).  

The damage threshold transition zone found in this study clearly demonstrates that 
prediction of the location and amount of damage after short-term mechanical loading 
is near to impossible if only static mechanical modelling is employed. As shown in 
Figure 4.3 and 4.5, the extent and amount of damage may vary with similar loading 
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conditions. This implies that damage development is not dictated by the applied 
mechanical loading alone. Multi-scale modelling combined with damage models could 
be used as a new approach in investigating which factors are important in damage 
development in DTI formation. For example, it can be assumed that muscle damage 
starts locally at a location with high strains. It is well known that the membrane of 
muscle fibres become more permeable when a muscle is damaged (166), which will 
influence the formation of oedema. This micro-effect can be coupled to a macro 
model, by modelling the influx of material in the muscle compartment, in this case 
oedema. Because of the micro-structure of the muscle and its fibres it is highly 
probable that this fluid is transported along the muscle leading to T2-changes outside 
the high strain region.  

A detailed model of the muscle micro geometry might be able to explain some of the 
phenomena seen in this MRI study (153). To develop such models, the current finite 
element model should be extended to include other macro anatomical structures such 
as the fibula, the muscle compartments and fibre direction. It should also incorporate 
the influx and distribution of oedema with fluid models, as well as the subsequent 
increase in intra-compartmental pressure which eventually will lead to partial ischemia 
(137). Such a micro-model could focus on factors, which influence the vulnerability of 
muscle fibres. These could include, the rupture of muscle fibres due to mechanical 
loading, as well as the change in membrane permeability, the change in pH, and 
calcium fluxes (84).  

Our 3D analysis shows that there is a subject specific sensitivity to mechanical loading 
and that amount of tissue damage is not dictated by tissue deformations alone. Our 
work therefore stresses the importance of appropriate modelling of physiological 
(damage) processes and of assessment of individual susceptibility in future 
investigation into the aetiology of PUs. 
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Introduction 
A pressure ulcer (PU) represents a local degeneration of soft tissues induced by 
sustained mechanical loading, usually occurring in the vicinity of bony prominences 
(130). The literature describes two types of PUs, those that start superficially and 
extend inwards and those which start in the deeper layers and gradually progress to 
the skin surface. It is currently accepted that both mechanisms may occur, depending 
on the location and the modality of the applied loading (2, 164). Deep ulcers 
originating subcutaneously can involve fat, muscle, tendon, and bone. They are 
classified as deep tissue injury (DTI) if they are detected while the skin is still intact, a 
situation in which the anatomical depth of the wound is extremely difficult to 
determine (130).  

Detection of DTI in an early stage is difficult, due to its concealment by the skin. It is 
often misdiagnosed as conditions presenting with similar symptoms (18). High risk 
subjects, e.g. individual presenting with a spinal cord injury (SCI), are unlikely to 
recognise or respond to the developing wound. Indeed, a study by Scheel-Sailer et al. 
reported a total PU prevalence of 49.2% for SCI individuals in a 6 month study of 
which 34.5% were classified as deep PUs (161).  

To identify individuals at risk of developing PUs several factors have been identified, 
including: activity and mobility limitations; skin status, including moisture; perfusion 
and oxygenation; nutritional status; body temperature; age; sensory perception; 
haematological factors; and general health (130). Risk assessment is based on clinical 
experience often involving risk assessment tools, such as the Braden, Norton, or 
Waterlow Scales (122, 130, 160). Preventative measures, e.g. repositioning and 
specialized support surfaces, are prescribed to those considered to be at high risk (70, 
113). Even with appropriate risk assessment and preventative measures the consensus 
among experts is that some PUs are unavoidable (19). To identify PUs at an early 
stage, incorporating a preferably non-invasive detection method, would clearly 
represent an important development.  

To design an early diagnostic method, knowledge about DTI’s aetiological processes is 
important. Mechanical loading induces pressure ulcer formation via several 
mechanisms occurring at different time scales. Low deformations can cause occlusion 
of blood and lymph vessels leading to a decrease in oxygen and nutrients and the 
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associated accumulation of waste products which eventually leads to tissue damage. 
This process can take up to several hours, whereas high deformations can cause 
damage within minutes affecting the integrity of the cell membrane and the disruption 
of the cytoskeleton (131). Early studies on PU development have shown that muscle 
tissue is more sensitive to mechanical loading than skin (42, 129, 156). Several studies 
have shown an increase in biomarker release after muscle damage (40, 66, 73, 83, 159, 
171, 172). Therefore, we hypothesize that muscle damage markers can indicate the 
development of DTI at an early stage.  

Clinically used markers for muscle damage are myoglobin (Mb), troponin (Tn), and 
creatine kinease (CK). Myoglobin, an oxygen carrying protein specific to human 
muscle tissue, is released within 1-6 hours after muscle fibre damage from the 
sarcoplasm (40, 66, 83, 171, 172). Troponin is a complex of three small proteins 
(troponin I, C and T), which inhibits muscle contraction. It has different isoforms for 
cardiac, slow skeletal and fast skeletal muscle, enabling a differentiation between 
cardiac and skeletal muscle damage. As an example, troponin was shown to increase 
within 4 hours after eccentric exercise, with elevations persisting for 2 days (40, 171). 
Creatine kinase, which is present in tissues with a high metabolic demand like muscle 
and brain, catalyses the reversible reaction of creatine and ATP to phosphorcreatine 
and ADP. There are relatively few studies (73, 159) which have measured muscle 
biomarkers in the early detection of DTI. These animal models revealed an increase in 
creatine kinase in blood at the first measurement after muscle indentation. However, 
since the mid-1990s the diagnostic value of creatine kinase has been debated and 
troponin has been proposed as the new standard (8). Therefore, this study focuses on 
detection of myoglobin and troponin.  

To test the hypothesis that muscle damage biomarkers can be indicative of the 
development of deep tissue injury after sustained mechanical loading, an indentation 
test was performed on the tibialis anterior muscle of rats. Myoglobin and troponin 
were analysed in blood plasma and urine over a period of 5 days. The damage as 
detected by the release of biomarkers was compared to damage as observed with MRI 
to validate the response. 
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Materials and methods 
Animal model 
Female Sprague-Dawley rats (n=25, 14 weeks old) were obtained from Charles River, 
Paris, France. These animals were part of a much larger study on DTI damage 
development in rats (126). During the acclimatisation period (minimal 7 days) animals 
were socially housed under controlled laboratory conditions (12 hours light/dark 
cycles) with standard food and water provided ad libitum. During the experiments the 
animals were individually placed on metabolic cages and weighed daily. Animals were 
divided in two groups, the indentation group (n=19) and the sham group (n=6). All 
experiments were approved by the Animal Care and Use Committee of Maastricht 
University, The Netherlands (protocol 2013-047) and performed in accordance with 
the European Union Directive for animal experimentation (2010/63/EU). 

Blood and urine sampling 
Blood samples were collected under anaesthesia, which was induced with isoflurane in 
0.6 L/min medicinal air, 3-4 vol% for induction and 1-2 vol% for maintenance. The 
tail of the animal was carefully warmed using a hot pack to facilitate blood sampling. 
Blood samples (200 µl) were collected from the tail vein using a 27G insulin syringe to 
minimize blood loss (Myjector, Terumo). Blood was centrifuged in K3-EDTA tubes 
(MiniCollect, Greiner Bio-One) for 10 minutes at 1600 RCF at 4⁰C. Chilled 24 hour 
urine samples were collected by placing the rats individually in a metabolic cage with a 
collection chiller (Tecniplast, Italy). Urine was centrifuged for 10 minutes at 1600 RCF 
at 4⁰C. Plasma and urine samples were aliquoted and stored at -80⁰C until analysis. 

Experimental Protocol 
The experimental setup and protocol have been detailed elsewhere (126). Briefly, 
anaesthesia as described above was maintained for 6 hours to allow for the MR 
measurements. Analgesia was injected subcutaneously (Buprenorphine, 0.05 mg/kg). 
Ointment was applied to avoid dehydration of the eyes. The animal was placed supine 
on a heating pad to maintain body temperature within the physiological range (35-37 
⁰C), which was monitored by means of a rectal probe. The hairs of the right hind limb 
were shaved before the leg was placed in a holder and fixated with alginate. The 
alginate was moulded with an opening to allow indentation of the TA muscle. An 
alginate cap was applied before and after indentation to close the opening for 
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susceptibility matching. The cylindrical indenter has a spherical head with a diameter 
of 3mm. The indentation group was subjected to manual applied indentation for two 
hours. Blood samples were obtained before indentation and 15 min, 30 min, 1h, 2h, 
4h, 8h, 1d, 2d, 3d, 4d and 5d after removal of the indentation. Urine samples were 
collected before, 1d, 2d, 3d, 4d, and 5d after indentation. MR scans were obtained at 
before, during, 90 min after indentation and after the last blood and urine samples 
were obtained. The animals were sacrificed under anaesthesia, with analgesia 
administered, by exsanguination from the inferior vena cava  

MR measurements 
A 7.0 T small animal MRI scanner combined with an 86-mm inner diameter 
quadrature transmit coil and a 20-mm diameter surface receive coil was used to obtain 
MR scans (Bruker Biospin MRI GmbH, Ettlingen, Germany). Physiological changes 
were assessed with T2-weighted MRI with the following specifications: multi-slice-
multi-echo with fat suppression, Field of view (FOV) 25x25x20 mm3, acquisition 
matrix (MTX) 256x256, number of slices 20, slice thickness 1 mm, TE 6.9 - 181.7 ms, 
number of echoes 26, TR 4000ms. 

Quantitative T2-maps were obtained by fitting the MR signal (S) of the first 16 echoes 
per voxel to equation 5.1. 

 𝑆 = 𝑆0𝑒
−𝑇𝑇
𝑇2  (5.1) 

A region of interest (ROI) of the TA muscle was manually drawn on the slices of the 
T2-images. Voxels were included for analysis when the coefficient of determination 
(R2) >0.9. When >90% of the ROI fulfilled this criterion the slice was accepted for 
analysis. Animals were excluded from further analysis if less than 8 slices in the region 
of indentation were accepted for analysis.  

Reference characteristics were obtained for each animal by calculating per slice the 

mean (𝜇𝑇2
𝑝𝑝𝑝) and standard deviation (𝜎𝑇2

𝑝𝑝𝑝) of the T2-values of the voxels inside the 

ROI of the scan made before indentation. Areas were considered to demonstrate 
elevated T2-values after indentation when at least 3 neighbouring voxels satisfied the 
following criteria (21, 106): 

  𝑇2 >  𝜇𝑇2
𝑝𝑝𝑝 + 3 ×  𝜎𝑇2

𝑝𝑝𝑝 . (5.2) 
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Biochemical analysis 
Myoglobin and troponin concentrations were measured in blood (Mbb and Tnb) and 
urine using sandwich ELISA (MYO-2, STNC, Life Diagnostics, Inc., West Chester, 
PA). A combined analysis of myoglobin and troponin, with sufficient dilutions, 
required >80 µl of blood plasma for the indentation group and this prevented 
simultaneous analysis of the markers. This resulted in a total of 13 animals being 
analysed for myoglobin and 6 for troponin. Blood and urine were analysed in 
duplicate and triplicate, respectively. If an insufficient volume of plasma was obtained 
samples were run without replicates. If the coefficient of variation of the triplicates > 
20% the outlier was removed for further analysis. The mean absorbance of the blank 
was subtracted from the mean absorbance calculated per samples. To determine the 
standard curve a linear model was used, with a fit accepted when R2 > 0.985. The limit 
of detection (LOD) was defined as: 

 𝐿𝐿𝐷 =  𝜇𝐵 + 3 × 𝜎𝐵 (5.3) 

with 𝜇𝐵  the mean and 𝜎𝐵  the standard deviation of the absorbance values of the 
blank. Samples with absorbance values below LOD were set to 0 ng/ml in subsequent 
analysis. The mean ± standard deviation of the LOD is 2.72±1.01 ng/ml for the 
myoglobin assay and 0.06±0.05 ng/ml for the troponin assay. The total amount of 
myoglobin excreted in urine (Mbu) was calculated by multiplying the estimated 
concentration with the total urinary volume of that sample.  

Determination of kinetic parameters 
To evaluate the amplitude of the response to indentation the maximum observed 
concentration in blood (Cbmax) and excretion in urine (Mumax) were evaluated. To also 
account for the possible prolonged release of the biomarkers, the area under the curve 
(AUC) was calculated using the trapezoidal method as defined in equation 5.4 and 5.5 
for blood urine samples, respectively: 

 𝐴𝑈𝐴 �𝑛𝑛 𝑥 ℎ𝑝
𝑚𝑙

�  =  ∑ (𝐶𝑖+1+𝐶𝑖)(𝑡𝑖+1−𝑡𝑖)
2𝑖  (5.4) 

 𝐴𝑈𝐴 (𝑛𝑛 𝑥 ℎ𝑟)  =  ∑ (𝑚𝑖+1+𝑚𝑖)(𝑡𝑖+1−𝑡𝑖)
2𝑖   (5.5) 

with 𝑖 the time point after indentation, 𝐴𝑖 the concentration of the biomarkers at time 
point 𝑖, 𝑚𝑖 the weight of the excreted amount of protein at time point 𝑖, and 𝑡𝑖 time 
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point in hours. Linear interpolation was used in case of missing samples. If multiple 
consecutive samples were missing the AUC was not calculated.  

Statistical analysis 
Statistical analysis was performed with the R environment for statistical computing 
and graphics (R Version 3.5.0, The R Foundation for Statistical Computing, Vienna, 
Austria). One-tailed Mann Whitney U tests were performed for AUC, Cbmax and Mumax 
to asses if there was an increase in biomarkers due to indentation. The relationship 
between the two damage responses, as measured by elevated T2-values and 
biomarkers, was evaluated using Spearman’s correlation coefficient (rs) using the one-
tailed Spearman test. P-values below 0.05 were considered statistically significant.  

Results 
MRI T2-maps were used to assess muscle damage, oedema, and inflammation non-
invasively. Figure 5.1 presents T2-maps before, during, and 90 minutes after 
indentation of three animals with different volumes of elevated T2 ranging from low 
to high (top-bottom respectively). Before indentation a homogenous area of T2-values 
was evident in the TA muscle of each animal (Figure 5.1, A-D-G). During indentation 
the position of the indenter was clearly visible (Figure 5.1, B-E-H, marked with an *). 
After indentation the region of elevated T2 resembled an epi-, peri-mysium-like- 
structure (Figure 5.1, C-F-I). In some animals, oedema formed underneath the skin 
(Figure 5.1I). Figure 5.2, which depicts the volume of elevated T2, clearly reveals a 
considerable variation in response to indentation across the experimental animals.  

The temporal profile of the biomarkers following indentation also revealed 
considerable variability (Figure 5.3-5.4). Mbb increased in concentration immediately 
after the load was removed with a maximum elevation evident at 2 hours and a return 
to baseline levels after 24 hours (Figure 5.3C). The increase of Tnb was delayed 
compared to Mbb, starting at 2 hours with a maximum generally after 4 hours and a 
return to baseline after 24 hours (Figure 5.3A). Excretion of myoglobin in urine (Mbu) 
was highest in the first 24 hours after load removal (Figure 5.4A). Troponin was 
undetectable in urine.  

The sham group revealed smaller increases in both markers compared to the 
indentation group. Both Mbb and Tnb revealed a delay in this increase compared to 
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the indentation group (Figure 5.3 B-D). Mbb started to increase 1 hour after load 
removal, with its peak occurring between 2-8 hours. Tnb started to increase 4 hours 
after load removal with its peak occurring between 4-24 hours. Mbu exhibited a small 
increase at 24 hours after load removal (Figure 5.4B).  

Figure 5.5 indicates the individual values for Cbmax and AUC for both groups of 
animals. The trends for troponin were fairly similar (Figure 5.5A-B). By contrast, 
myoglobin exhibited peaks in the AUC, e.g. animal #12, which were not present for 
the Cbmax. (Figure 5.5C-D) However, in urine the trends of Cbmax and AUC for 
myoglobin were similar (Figure 5.6). When examining the effects of indentation on 
the kinetic parameters, group comparisons revealed statistically significant increases in 
Cbmax for Tnb (U=5, p=0.02) and Mbu (U=14, p=0.014), but not for Mbb (U=23, 
p=0.09). The differences in AUC were statistically significant for Tnb (U=6, p=0.03) 
and Mbb (U=14, p=0.02), but not with respect to Mbu (U=27, p=0.16). 

To evaluate whether the markers could ultimately provide an early detection of DTI, 
the correlation between increased T2 volume and the kinetic parameters of the 
biomarkers was assessed. Cbmax and Mbu provided similar results as AUC (AUC data 
not shown). Two trends were present in the troponin levels in blood (Figure 5.7A). 
Five animals demonstrated similar elevated T2 volume associated with a considerable 
range of troponin levels, whereas one animal (#2) did not exhibit any damage. In the 
myoglobin group the damage response was more variable (Figure 5.7B-C). At low 
volumes of elevated T2 values small increases in myoglobin levels were evident. 
Myoglobin levels were elevated in concert with the volume of elevated T2-values. This 
effect was most pronounced in urinary myoglobin (Figure 5.7C). There was a positive 
correlation for all kinetic parameters with the volume of elevated T2. Tnb had a strong 
and significant correlation for both the AUC and Cbmax (rs =.94, p=0.008). Mbb 
revealed a strong and significant correlation for Cbmax (rs =.75, p=0.006) and a 
reasonable correlation, which was significant for AUC (rs =.57, p=0.04). In addition, 
Mbu demonstrated a strong and significant correlation for both AUC and Mumax (rs 
=.91, p<0.001 and rs =.96, p<0.001 respectively). 
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Figure 5.1: Axial MRI T2-maps of distinct animals at three time points. The position of the 
indenter is indicated with an * in B-E-H.  

 
Figure 5.2: Elevated T2 volume of the region of interest for individual animals in the indentation 
group. Animals 8 and 9 were excluded from analysis. The animals shown in Figure 5.1 are 
indicated with an * . 
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Figure 5.3: Kinetic profiles for individual animals for troponin (A-B, LOD: 0.06±0.05 ng/ml ) and 
myoglobin (C-D, LOD: 2.72±1.01 ng/ml) in blood plasma. Left column; indentation group (A-C) 
right column; sham group (B-D). The 

 
Figure 5.4: Excreted amount of myoglobin in urine for individual animals in the A) indentation 
group; B) sham group (LOD: 2.72±1.01 ng/ml). 
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Figure 5.5: The kinetic parameters of the biomarkers measured in blood for each animal. The 
indentation group is shown in black, sham group in grey. The amplitude of the response, 
represented by the maximal measured concentration, is shown for myoglobin in A) and troponin 
in B). The area under the curve (AUC) is shown for myoglobin in B) and troponin in D). * The 
AUC of myoglobin in blood was not calculated for animal 8. 

 
Figure 5.6: The kinetic parameters of the myoglobin measured in urine for individual animals. 
The indentation group is shown in black, sham group in grey. The amplitude of the response, 
represented by the maximal amount of excreted myoglobin measured is shown in A. The area 
under the curve (AUC) is shown in B. 
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Figure 5.7: Correlation between muscle damage as measured by MRI (elevated T2 volume) and 
the amplitude of the response of the biomarkers. Elevated T2 volume is plotted against: the 
maximal measured concentration of troponin (n=6) in blood (A); the maximal concentration of 
myoglobin (n=11) in plasma (B) and the maximal excreted mass of myoglobin (n=11) in urine 
(C). 

Discussion 
The present study examined the potential of two muscle biomarkers for the early 
detection of deep tissue injury in a rat model. An early stage pressure ulcer was 
induced by performing an indentation test on the TA muscle of the individual rat. The 
resulting damage development was assessed with MRI and correlated to the biomarker 
concentrations in blood and urine. Both myoglobin and troponin were released in 
blood as a result of indentation. Elevated myoglobin levels were also observed in 
urine. Furthermore, a strong positive correlation was demonstrated between the 
biomarkers and damage parameter associated with MRI. 

Previous studies by the host group reported a large variation in the damage response 
of the animals in response to mechanical loading (21, 106). This is mainly caused by 
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biological variation leading to differences in geometry of the leg and, as a result, 
different deformations at a specific indentation. Indeed, MRI data in the present study 
support these findings (Figure 5.2) with, for example increase in T2 values ranging 
from as low as 0.3 % of the TA muscle volume, to a severe response affecting 79.2% 
of the TA muscle volume. Clearly, it is not feasible to apply an equivalent magnitude 
of indentation in experiments with different animals. Due to this variability the total 
range of damage responses is presented in this study. 

This study showed that in the case of a damage response, whereas myoglobin 
increases rapidly after load removal, troponin exhibited a more a delayed response 
(Figure 5.3-5.4). These trends are similar to previous studies on skeletal muscle 
damage in rat models (87, 182, 189). For example, Kerkweg et al. reported that 
following a crush test there was an increase in myoglobin levels in blood after 30 
minutes which remained elevated throughout the 4 hour experiment (87). Other 
studies induced skeletal muscle damage by the intraperitoneal injection of myotoxins. 
Vasallo et al. reported an increase in both urinary myoglobin and skeletal troponin 
levels 24 hour after the last injection (189). Tonomaru et al. used a similar approach 
and revealed an increase in skeletal troponin levels at the earlier time points of 4-8 
hours (182). The sham group showed a small increase in myoglobin and troponin 
compared to the indentation group (Figure 5.2-5.4), which is comparable to a previous 
study (87) This release is unlikely caused by the anaesthetic. Isoflurane has been 
shown to have a beneficial effect on myocardial tissue in rabbits (88). However, the 
prolonged anaesthestic time of 6 hours, might induce some deep or superficial tissue 
injury. Indeed time in an operating room is a well-known risk factor for developing 
surgically acquired PU (139). 

The small sample size precluded a direct comparison of the indentation group to the 
sham at all time points. Accordingly two kinetic parameters were used to evaluate 
biomarker performance (Figure 5.5-5.6), the first of which focused on the amplitude 
of the response of the biomarkers regardless of the time it occurred. The second 
parameter, AUC, involved associated time effects, and enabled smaller increases over 
a longer period to be detected. In blood, the AUC and Cbmax of troponin gave similar 
results in contrast to myoglobin. This indicates that in order to evaluate myoglobin in 
blood a comprehensive kinetic profile would be required. This is undesirable in 
clinical practice because of the increased burden of multiple blood withdrawals from 
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the patient. In a similar manner, the limited period of increased Cbmax levels for 
troponin would also necessitate multiple blood withdrawals within 24 hours. By 
contrast, myoglobin measured in urine does not involve the issue of multiple invasive 
measurements. Furthermore, the 24 hour collection period results in a cumulative 
assessment, ensuring that any notable increases in myoglobin levels are not missed due 
to low sampling frequency. Taking into account the focus group of this study, the 
spinal cord injured who generally collect urine via a catheter bag, it is tempting to 
suggest that for practical purposes the biomarker of choice is myoglobin measured in 
urine. 

There are clear differences between the response of the two biomarkers when 
correlated to the increase in T2 (Figure 5.7). Myoglobin increases gradually, whereas 
troponin, albeit with a few animals presenting with a limited damage response, 
exhibited a more stepwise response. This response may be attributed to the nature of 
the proteins. Myoglobin is a cytoplasmic protein and can be released easier from 
muscle fibres than troponin, which is a structural protein with a low cytoplasmic pool 
(171). We therefore hypothesize that increases in troponin levels coincide with 
structural damage. A previous study demonstrated that increased T2 values correlate to 
signs of muscle damage on histology over 14 day period (126). Indeed the animals that 
initially demonstrated an increase in troponin levels still reveal a marked increase in T2 
value in 19-60% of the volume of the leg (data not shown).  

The elevated T2 volume saturates around 200 mm3, whereas both biomarkers still 
show in increase in Cmax, Figure 7. Due to the fact that the ROI was restricted to 8 
slices a limited volume of the muscle tissue was evaluated in the T2-analysis. The T2-
scans revealed that muscle damage could extend to an area outside the ROI volume. 
Therefore it is likely that myoglobin/troponin is released by a larger volume of the 
muscle tissue than included in the T2-analysis. 

The current study presented with some challenges and limitations. There were several 
practical issues related to the blood samples. The first blood samples that were 
collected after indentation were difficult to obtain due to an anaesthesia time of 
approximately 4 hours. Indeed isoflurane causes a decrease in blood pressure (13) and, 
regardless of the controlled core temperature, the tail of the animal cooled down. In 6 
animals these issues could not be overcome within 15 minutes, precluding the 
collection of these first blood samples. When these issues were overcome, the time to 
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collect a blood sample was prolonged, increasing the risk on haemolysis and blood 
clotting within the syringe. Premature termination of blood collection occurred 4 
times, which resulted in an insufficient blood volume for duplicate analysis.  

The present findings indicate that myoglobin is a suitable marker for early detection of 
deep tissue injury. To evaluate the predictive validity of the muscle damage markers in 
clinical practice prospective studies should be performed. Muscle damage markers can 
be incorporated in a non-invasive monitoring method for the early detection of deep 
tissue injury. Such a method will aid in identifying individuals at risk and help to 
prevent deterioration of the developing wound, thereby minimizing the associated 
negative effects.  
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Introduction 
A pressure ulcer (PU) is a localized degeneration of soft tissues which occur due to 
sustained mechanical loading, usually in the vicinity of bony prominences (130). They 
are categorized with respect to anatomical depth. A special category is defined in 
international guidelines as “deep tissue injury” (DTI) wherein the depth cannot be 
ascertained. DTIs originate subcutaneously with the intact skin obscuring their 
existence. This makes them hard to detect, particularly in individuals with a spinal 
cord injury (SCI) as a result of their diminished sensation. Indeed, PUs are a common 
secondary complication for SCI (33, 56, 74, 190). In addition to the appalling impact 
on an individual’s health and quality of life (173), often leading to extensive periods in 
bed (190), PUs represent an enormous financial burden to the health care system (46, 
56, 193).  

To identify individuals at increased risk of developing a pressure ulcers, risk 
assessment scales e.g. Waterlow, Braden or Norton, are commonly used by clinical 
staff (122, 130, 160). These scales evaluate several factors which are known to 
influence PU formation, typically activity and mobility levels, sensory perception, skin 
status, and nutritional status. It is well known that many other intrinsic and extrinsic 
factors play a role in the development of PU (28, 64, 65, 130). Unsurprisingly not all 
PUs are therefore considered to be avoidable (19). In particular, DTI can often only 
be detected when it has progressed to damage at the the skin surface, exposing a 
category III or IV PU (2). 

To prevent DTI development early detection is of the utmost importance. Visual 
inspection of the skin surface is insufficient to detect these ulcers at an early stage (18, 
130). Therefore other methods should be developed. We propose a two-stage process, 
the first of which involves a non-invasive monitoring method alerting the subject, and 
his/her caregiver, of the potential of a developing DTI. In the second stage, more 
rigorous diagnostic methods should be employed to ascertain if, and where, a wound 
is developing. 

This study focuses on the first stage in this approach and evaluates the predictive 
value of urinary biomarkers. Early studies using animal models have shown that 
muscle tissue is especially susceptible to mechanical loading (42, 129, 156). An early 
marker of muscle damage, which is excreted in urine, is myoglobin (Mb) (93). Mb was 
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recently identified by the authors as a potential early urinary biomarker for deep tissue 
injury, with a reported increase within 2-4 hours after mechanical loading in an animal 
model of DTI (183). In humans Mb levels are related to age, sex and ethnicity 
associated with difference in muscle mass (32). With respect to SCI, a well-established 
secondary effect is muscle atrophy and fatty infiltration (16, 48, 69, 116, 120), where 
the amount of muscle loss is dependent on the level of injury and the degree of 
spasms experienced. These events will influence baseline biomarker levels in 
individuals with a SCI, thus negating any comparisons with reference ranges 
determined from an able-bodied (AB) cohort. To study this effect three groups were 
evaluated, namely, AB, recent SCI (<1 year) and chronic SCI (>1 year). This approach 
will enable a rigorous evaluation of Mb levels to clinically interpret the values with 
respect to deep tissue injury formation for individuals with a SCI.  

It was also important to consider the biofluid collected in the study, urine, which is 
involved in the regulation of many processes involving blood pressure and volume, 
pH, and waste removal (31). As a result, urine concentration is highly variable and 
largely dependent on the hydration state of the individual. It is therefore necessary to 
correct the concentration of the analyte of interest with the concentration of a marker 
known to be excreted at a constant rate, typically creatinine (54). However, the current 
study focuses on muscle damage markers and as creatinine levels are highly dependent 
on muscle mass, creatinine must be questioned as a correction marker. If Mb increases 
due to muscle damage, creatinine is also expected to increase at some point in time. 
Many approaches to correct urinary concentrations have been proposed, e.g. specific 
gravity, osmolality, urea, creatinine, cystatin C, total useful mass spectrometry signal 
(115, 145, 185, 191).This study evaluates urea as a possible alternative.  

To evaluate the suitability of Mb as an early detection marker for deep tissue injury 
formation in individuals with a SCI this study addresses three main questions: 

• Can urea, as opposed to creatinine, be used as a surrogate marker accounting 
for the hydration status induced dilution of urine? 

• What are the baseline levels of urinary Mb? 

• Does an increase in urinary Mb levels indicate DTI formation? 

The first two questions will be addressed in a short-term study and the third question 
will be addressed in a longer-term study. 
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Materials and methods 
Study design 
A prospective multi-centre cohort study was performed. The study was divided in two 
phases, the first of which evaluated the biological variation within AB and SCI 
subjects over an 8 week period, a time scale chosen to accommodate any hormonal 
effects in women. To evaluate the prognostic value of the biomarkers with respect to 
DTI formation a long-term study of 2 years was performed with spinal cord injured 
subjects alone. Both study protocols were approved by the Medical Research Ethics 
Committees United (protocol NL52521.060.15, Nieuwegein, the Netherlands).  

Participants 
Twelve chronic SCI participants with an injury of >1 year duration were recruited 
from the client database of Q Care Medical Services (Oisterwijk, the Netherlands). 
Seven SCI volunteers participated in the long-term study, two in the short-term study, 
and three in both. All participants were adults (>18 years of age) and presented with 
no mental disabilities and were able to understand and comply with the informed 
consent. In the last 6 months prior to inclusion, participants did not have a PU. At 
time of inclusion they were in apparent good health, with no signs of infection. SCI 
volunteers were eligible for inclusion with lesion level L1 to C4 according to American 
Spinal Injury Association (ASIA) Impairment Scale classification A (sensory and 
motor complete lesion). Oncological patients and subjects with diagnosed skin disease 
were excluded from participation in this study. Five AB participants were recruited to 
the short-term study from staff and students of the Eindhoven University of 
Technology. They were matched with regards to sex and age to the SCI participants. 
An overview of the volunteer recruitment is given in Figure 6.1. All participants 
provided written informed consent for participation.  

Study procedure 
Short-term study: volunteers collected a urine sample daily for eight consecutive 
weeks. The sample collection was linked to a questionnaire in which the volunteers 
provided information about the 24 hours before urine collection regarding their 
general health, activity levels, and PU preventative measures taken. 
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Figure 6.1: Patient recruitment profile. Data expressed as number of individuals. SCI: individual 
with a spinal cord injury, AB: able-bodied individual 

Long-term study: volunteers collected a urine sample every four weeks. The sample 
collection was linked to a questionnaire in which the volunteers provided information 
with respect to the 7 day period prior to urine collection regarding their general health, 
activity levels, and PU preventative measures adopted. The study ended after two 
years if the volunteer did not develop a PU (excluding category 1). An overview of the 
long-term study procedures is shown in Figure 6.2. 

If a volunteer developed a PU (excluding category 1) a tissue viability specialist 
assessed the wound as soon as possible. Care given to the volunteer did not form part 
of the study and was provided on an individual basis. The volunteer collected daily 
urine samples for a week and submitted a questionnaire detailing information 
regarding the status of the wound, their general health, activity levels and PU 
preventative measures (Figure 6.2). After that week the study ended for this volunteer.  

Volunteers were asked to start daily urine sampling and report back if they had a fever 
with no clear cause, as this may represent an early sign of DTI. When the cause of the  
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Figure 6.2: Schematic representation of the possible pathways in the long-term study 

fever was identified, the individual either returned to their original schedule if no PU 
was formed, or followed the procedure listed above if a PU was diagnosed. 

In all cases, volunteers collected a urine sample from their first morning sample. 
Immediately after collection the sample was frozen at -20°C. All samples were 
collected from the volunteers within one week following sampling and transported in 
a temperature controlled setting where they were frozen at -80°C until analysis.  

Laboratory methods 
In preparation for analysis all urine samples were inevitably subjected to one 
freeze/thaw cycle. Subsequently, urine samples were analysed for urea, creatinine and 
Mb on a Cobas 8000-C702 analyzer (Roche Diagnostics, Almere, the Netherlands), 
using the manufacturers assay kits.  

Data analysis 
The participants in the short-term study were in apparent good health throughout the 
collection period. Therefore, their data were used to evaluate the applicability of urea 
as a correction marker for urinary concentration and whether creatinine levels were 
correlated to Mb levels. This was assessed by using a Spearman’s correlation 
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coefficient (rs) and using a one-tailed test. To compare the data of the two groups in 
the short-term study the mean and standard deviation per participant were taken as 
representative values for that individual. P-values below 0.05 were considered 
statistically significant. Statistical analysis was performed with Matlab (R2013b, the 
Mathworks, Matick, MA, USA).  

Results 
Participants 
The SCI group consisted of eleven males and one female. Eleven participants in this 
group had a history of PUs. The AB group consisted of five males, of which one had 
a history of PUs. The participant demographics are detailed in Table 6.1. 

Correction of urine for hydration state 
The relationships between creatinine and both Mb and urea are indicated in 
Figure 6.3A. There is no positive correlation between Mb and creatinine (rs = -0.22, 
p=1). Indeed low levels of Mb corresponded to a wide range of creatinine 
concentrations and vice versa. The majority of the Mb levels were below the limit of 
detection (LOD), namely 15 μg/l, (dotted line, Figure 6.3A). By contrast, there was a 
statistically significant positive correlation (rs = 0.88, p < 0.001) between urea and 
creatinine concentrations (Figure 6.3B).  

The variability of the dilution of urine in terms of the temporal profiles for urea 
concentrations is shown in Figure 6.4. From the corresponding boxplots in Figure 6.5, 
it is evident that urea levels of SCI participants are generally lower and have less 
variation when compared to the AB participants, particularly when evaluating specific 
individuals. The group values reveal some overlap (Figure 6.5B), which is largely 
dictated by the data derived from SCI-3. 
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  Short-term Longterm 

  SCI (n=5) AB (n=5) SCI (n=10) 

  Median Range Median Range Median Range 

Age (years) 48 28 - 55 52 28 - 56 44 28 - 74 

Male/female 5 / 0   5 / 0   9 / 1   

Height (cm) 180 175 - 192 178 170 - 191 180 164 - 198 

BMI (kg/m2) 21 17 - 31 26 22 - 40 24 16 - 27 

Weight (kg) 68 64 - 99 85 72 - 128 76 42 - 88 

Years since injury  17 4 - 26     10 4 - 20 

Level of injury     

 

  

 

  

Tetraplegic (C4-C8) 1 C6 x x 2 C4 - C5 

High paraplegic (T1-T6) 3 T3 - T6 x x 6 T2 - T6 

Low paraplegic (T7-L1) 1 T10 x x 2 T8 - T10 

History of PU 5   1   9   

Category 1/2 2   1   4   

Category 3/4 3   0   5   

Comorbidities             

Hypertension 0   0   2   

Cardiac issues 0   0   1   

Respiratory issues 0   0   0   

Epilepsy 0   0   1   

Osteoarthritis 0   1   0   

Vitamin D deficiency 0   1   0   

Obesity 0   1   1   

Method of urination             

Naturally 0   5   0   

Intermittent catheterisation 4   0   6   

Condom catheter 1   0   2   

permanent catheter 0   0   2   

Table 6.1: participants demographics. SCI: individuals with a chronic (> 1 year) spinal cord 
injury. AB: able-bodied individuals. 
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Figure 6.3: Creatinine is compared to myoglobin (A: rs = -0.22, p=1) and urea (B: rs = 0.88, p < 
0.001) for all subjects in the short-term study. The dashed line in (A) indicates the lower limit of 
the myoglobin measurement. 



Chapter 6 

94 

 
Figure 6.4: Temporal profile of urea concentration for each AB and SCI participant over 56 days. 

Myoglobin levels over 56 days 
The uncorrected Mb concentrations are shown in Figure 6.6, with the LOD depicted 
as a continuous line at 15 μg/l. The majority of the Mb concentrations were below the 

LOD of the Mb assay and these will be subsequently prescribed at 0 μg/l. 
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Figure 6.5: Boxplots of the urea measurements for each participant (A) as well as for each group 
(B). The median and interquartile range were 423-155 mmol/l for the AB group and 154-140 
mmol/l for the SCI group. 

The effect of the hydration state can be illustrated by the data from AB-1 and AB-2. 
Both participants presented one measurement which exceeded the LOD, with values 
of 15.7 and 19.8 ng/ml respectively, as indicated in Figure 6.6. After correcting for the 
hydration state, Mb/urea ratios for both ratio values were 1.8E-9, as indicated in 
Figure 6.7. This illustrates that although the sample from AB-1 was more 
concentrated than the sample from AB-2, after correction the ratios are equal.  

The AB group presented with a total of 39 out of 276 (14.1%) samples with detectable 
Mb concentrations, whereas the equivalent proportion for the SCI group was 75 out 
of 278 (27.0%). It is evident that baseline levels of Mb differ between individuals with, 
for example, the majority of the samples of AB-1, AB-2, AB-3 and SCI 3 yielding 
values below detection for Mb. The other participants yielded higher baseline levels, 
leading to a higher proportion of detectable samples. After correction for the 
hydration state the measurable Mb levels in the SCI group were generally higher than 
in the AB group, as illustrated in Figure 6.7. Nonetheless, Mb was generally only 
detectable periodically, although participant SCI-1 presented with detectable Mb levels 
for 2 consecutive weeks. This participant did not report any abnormalities regarding 
general health, activity levels and pressure ulcer preventative measures. 
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Figure 6.6: Temporal profile of myoglobin concentrations for each AB and SCI participant over 8 
weeks. The limit of detection of the myoglobin assay is depicted by the black line at 15 μg/l. 
Two samples with different Mb concentrations but equal levels after correction for hydration 
state are indicated by a *. 
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Figure 6.7: Temporal profiles of myoglobin ratio values, corrected for hydration status, for each 
AB and SCI participant over a period of 8 weeks. All samples below the limit of detection of the 
myoglobin analysis are prescribed with a zero value.  
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Figure 6.8: The 2 year time course of myoglobin ratio values, corrected for hydration status, for 
all SCI participants. All samples below the limit of detection of the myoglobin analysis are 
prescribed with a zero value. 

Myoglobin levels over two years 
The two-year time course of the Mb levels are shown for each of the ten SCI 
participants in Figure 6.8. It is evident that a proportion of Mb ratios were below the 
LOD of the assay, namely, 91 out of 214 samples (42.5%). However, two of the 
participants, SCI-7 and, in particular SCI-8, revealed markedly high Mb levels 
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compared to the other participants. By contrast, SCI-10 generally had low Mb ratio 
values, with a single sample collected a week after a period in which the participant 
had stomach flu. It is worthy of note, that SCI-12 withdrew from the study after 44 
weeks, after being diagnosed with cancer. SCI-9 and SCI-11 developed a PU and are 
discussed further.  

Some comparisons could be made between the three SCI individuals who participated 
in both the short-term and the long-term studies. For SCI-3, the detection rate for Mb 
ratios were similar in both studies at 5.4% and 7.5% respectively. By contrast, samples 
for SCI-4 yielded a lower detection in the short-term study i.e. 14.8% vs 48%, while 
the opposite was evident for SCI-5 with percentages of 41.0% vs. 23%. However, in 
all three individuals the maximal Mb levels detected in the long-term study were 
approximately 2-3 fold lower than those detected in the short-term study.  

Myoglobin levels and PU formation 
The results for SCI-9, who developed a category II pressure ulcer after approximately 
41 weeks of participation in the study, as shown Figure 6.9. This was attributed by 
both the individual and his attendant tissue viability nurse to a change in the 
wheelchair used for exercise, which occurred prior to the regular sample collection at 
week 41. The Mb ratios in this period, highlighted in Figure 6.9 (top right) were of the 
same range as the baseline levels.  

SCI-11 developed a category III pressure ulcer under complex circumstances. The 
participant missed the sample collection after 61 weeks because he had been treated in 
hospital for incontinence-associated dermatitis, a urinary tract infection and a 
respiratory infection. After his return from hospital he resumed sample collection at 
65 weeks. When he was contacted for not completing the questionnaire fully, he 
reported that he had sustained a PU for between 2 and 3 weeks. The daily urine 
samples that were collected revealed higher Mb ratios than his normal baseline levels 
(Figure 6.9, bottom right). However, he was still undergoing further examinations, 
which revealed a pancreatic carcinoma with liver metastasis. He passed away 3 months 
after his last sample collection. 
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Figure 6.9: The myoglobin ratio values, corrected for hydration status, for the two SCI 
individuals who developed a pressure ulcer. Both data before (left) and after (right) a PU was 

detected. . SCI-9 had a category 2 PU and SCI-11 a category 3. Soon after the last sample 
collection SCI-11 was diagnosed with cancer. 

Discussion 
An explorative study was performed to evaluate if urinary myoglobin could be used 
for the monitoring of PU formation in SCI subjects. The marker generally used as the 
gold standard to correct for dilution effects in urine is creatinine, although this is 
inappropriate if muscle damage is predicted. Therefore, urea was examined as an 
alternative correction marker for dilution effects in the present work. A short-term 
study of 8 weeks was performed with individuals in apparent good health. Individuals 
with a SCI had less concentrated urine than the AB cohort. A clear correlation  

between urea and creatinine was found (Figure 6.3B). In the same study a comparison 
of the baseline levels of myoglobin of AB and SCI participants revealed generally 
lower ratios in the former, although individual differences are evident in each group 
(Figure 6.7). In the long-term study over 2 years the incidence of PU, without 
significant comorbidities, was insufficient to determine the prognostic value of urinary 
Mb. 

There was no correlation between creatinine and myoglobin during baseline 
measurement in AB and SCI individuals. This shows that the constant rate at which 
creatinine is excreted (195) is not evidenced in the excretion of myoglobin. However, 
the comparison between urea and creatinine showed a good correlation, indicating 
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that urea may be used as a substitute. Urea measurement are clinically common but 
urea concentrations have been shown to be influenced by diet (185). Therefore, 
subsequent studies could consider using cystatin C as it is shown to be less influenced 
by muscle mass and diet (11). 

The low sample size in this study prohibits determination of population-based 
reference ranges and the evaluation of an index of individuality (77). Indeed it might 
prove practically impossible to recruit a homogenous reference group (n ≥ 125) (25, 
78), accounting for lesion height, muscle atrophy, muscle spasms and sex, to 
determine these ranges. Furthermore, it is evident from the data in Figure 6.7 that 
there are considerable differences between individuals. This means that even if DTIs 
cause a rise in Mb levels, defining population-based decision limits could lead to false 
negatives as, for example, for SCI-3. Thus despite not providing data on the index of 
individuality (77), the study highlights the importance of using serial measurements on 
individuals. 

The high proportion, approximately 80%, of samples with values below the LOD 
prohibits a statistical analysis on the difference between the SCI and AB groups. One 
method to approach data with levels below the LOD is to exclude them from analysis 
(15), although this would inevitably bias the data to high Mb values. An alternative 
approach is to set samples below the LOD at a specific level at or below the LOD (15, 
167). In the present work this could lead to misinterpretation of the data after 
correction for the hydration. This can be illustrated with two samples: one below the 
detection limit of a highly diluted urine sample fixed at the LOD (15ng/ml), and one 
at the detection limit of 15 ng/ml of a urine sample which is 2x more concentrated. 
After correction to hydration state their relative ratios will be 15 and 7.5, respectively. 
Even if the true concentration of the first samples was 0, using this approach would 
result in a Mb value higher than the sample which could be measured. Accordingly, 
samples below the LOD were therefore prescribed at 0 ng/ml. 

Based on the current findings definitive statements about the predictive value of 
urinary Mb as a marker for the development of DTI would prove unwise. Indeed, the 
low sample size of the long-term study resulted in only 2 occurrences of PUs, one of 
whom subsequently died of cancer. It is possible, however, to discuss two general 
cases dependent on whether they record detectable myoglobin levels in urine or not. 
In the case of an individual with normally low/negligible Mb levels, a positive test for 
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the presence of urinary Mb warrants further examination of the individual’s health. 
Because Mb increases can occur due to many factors, false positive measurements 
might be predicted. Simultaneous evaluations of other factors, including activity level 
and muscle spasms, will reduce false-positive results. More data is required to evaluate 
the incidence of false negative values for this group. The second case involves 
individuals with detectable levels of Mb, e.g. SCI-3 and SCI-8. Due to the increased 
excretion of Mb at baseline levels it is necessary to perform a rigorous analysis to 
establish the cause of the excretion. In this case a multivariate analysis is essential for 
the interpretation of Mb levels (78). Personal decision limit or (relative) reference 
change values should be determined in the context of the covariates, e.g. muscle 
atrophy and spasms. Determining decision limits without knowledge of the covariates 
will potentially result in many false negative values.  

To definitively evaluate the prognostic value of Mb for deep tissue injury development 
a larger cohort study is required, which would account for the inhomogeneity in this 
group of individuals. To make such a study successful we offer several 
recommendations. First of all, the frequency should be increased to a minimum of 
daily sampling. Indeed, after muscle damage, myoglobin levels in blood are known to 
increase rapidly, within 2-4 hours, and subsequently decline with a serum half-life of 2-
3 hours (149). The results of the short-term study also show substantial day-to-day 
variations. It is therefore likely that at a lower sample frequency, changes in Mb levels 
due a DTI could be missed. Secondly, it would be preferable to include a group of 
individuals with a more recent SCI i.e. <1 year. Due to an unexpected low proportion 
of individuals admitted with an ASIA A SCI during the study, the number of eligible 
participants was low. This can be increased by redefining this criterion to include both 
ASIA B individuals and those fully dependent on a wheelchair. Furthermore, at 
admission to the rehabilitation centre nearly all individuals with an ASIA A SCI 
presented with a PU. To evaluate the prognostic value in this group, inclusion of 
individuals with a PU are indicated. Finally, the study indicated that daily urine 
sampling represented a high individual commitment. Accordingly, a point of care 
system that could determine the Mb levels could reduce this burden.  

In conclusion, this study has revealed the complexity of using urinary biomarkers for 
the screening of DTI in individuals with a SCI. Although the incidence of PU in the 
study was too low to evaluate the prognostic value of urinary Mb, other important 
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conclusions can be drawn. The differences between the AB and SCI groups highlight 
the need to evaluate the biomarker levels in the SCI group specifically. Furthermore, 
the individual differences illustrate that conventional reference ranges might prove 
unsuitable in this group. In this study two groups were identified, one group with 
measurable baseline levels of Mb which necessitates further evaluation, and one group 
with negligible amounts of urinary Mb for whom a dipstick method might be 
sufficient to evaluate Mb excretion due to DTI formation. 
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Introductory remarks 
To detect deep tissue injury (DTI) at an early stage we proposed a two-stage 
approach. The first stage consists of systemic monitoring of biomarkers, which can 
indicate early DTI formation. The second stage consists of a quantitative diagnostic 
method to determine the location and extent of the damage. The goal of this thesis 
was to evaluate which aspects of deformation-induced damage could be targeted for 
the monitoring and detection of deep tissue injury. 

This approach was achieved with the use of an animal model of DTI. To induce the 
initial stage of DTI an indentation test was performed on the tibialis anterior muscle 
of rats. By monitoring the experiment non-invasively with magnetic resonance 
imaging (MRI) different types of analysis could be performed. To evaluate which 
processes could have diagnostic value, the damage and recovery processes were 
studied in Chapter 2 with a multi-parametric MRI protocol and histology. In 
chapter 3 a method to obtain dedicated MRI based 3D finite element (FE) models 
was described, which was employed in chapter 4 to relate the applied deformations to 
damage development found in chapter 2. In chapter 5 the systemic release of muscle 
damage biomarkers was compared to muscle damage as measured by MRI. To explore 
the clinical applicability of the biomarkers studied in chapter 5 a prospective cohort 
study was performed in a group of individuals with a spinal cord injury (SCI) in 
chapter 6. This study evaluated the biological variability and predictive value of the 
urinary biomarker myoglobin.  

In this chapter first the benefits and limitations of the described methods will be 
discussed. This will be followed by a discussion of the clinical implications from the 
research leading to recommendations for future work. 

Methodological benefits and limitations  
In vivo study: rats 
In the animal experiments, as described in chapter 2-5, an array of techniques was 
combined to enable a full analysis of the experiment. It was already known from 
previous work that it is not appropriate to try to obtain reproducible deformation 
profiles in different animals, due to several factors like the variable geometry of the 
leg, the positioning of the indenter and the applied indentation (21, 176). Accordingly 
an approach is adopted in which the experiment is fully monitored to reconstruct the 
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applied deformations retrospectively. This involved tracking the experiments non-
invasively using MRI to create dedicated 3D FE models to determine the internal 
deformations field resulting from the indentation. Additionally, blood and urine 
samples were obtained to evaluate the prognostic value of biomarkers in detecting 
DTI in an early stage. The main benefit of the current approach is that a multitude of 
processes has been studied simultaneously. This enabled a comparison of applied 
deformation and biomarker release to damage development.  

In the current thesis we have made the transition from the well-established Brown –
Norway rat model to the bigger Sprague-Dawley rats. The reasons are two-fold, 
namely, a larger muscle was required for both the MRE studies performed by Nelissen 
et al. (124) and the biomarker experiment described in the current thesis. Indeed in 
previous studies using Brown-Norway rats attempts to sample sufficient volumes of 
blood for a number of locations and urine for subsequent analysis proved 
unsuccessful. The use of the Sprague-Dawley model enabled us to sample blood from 
the tail of the rat. We utilized a metabolic cage to sample urine. Although this caused 
some distress to the animals it represents the most accurate method of collecting 
chilled urine samples. With the available technology, we did not discern any difference 
between the two animal models, Figure 4.3. 

Several improvements were made with respect to earlier studies in our lab. The MRI 
scans were made with a higher resolution than used in previous studies, which resulted 
in enhanced structural information on the effects of the indentation. We extended the 
MRI acquisition to the entire leg with several MRI modalities and monitored the tissue 
changes for prolonged periods after the insult. In addition we extended the modelling 
to 3-D. This led to new insight into the locations where damage are detected, in 
particular, away from the axis of indentation, and how it evolves leading to the 
unpredicted finding that tissue damage is still apparent even 14 days after the original 
insult. 

The current experimental set-up could be used or extended to investigate many other 
features. One feature studied by Nelissen et al. involved estimating the change in the 
mechanical properties of muscle tissue due to deformation-induced damage using MR 
elastography (96, 124, 125). Another option could involve the use of contrast agents 
to study the effect of tissue perfusion and occlusion of lymphatics on damage 
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development. The effects of other pathological conditions, e.g. diabetes, on damage 
development and recovery could be studied using different rat strains.  

The FE analysis in this work was restricted to determining the applied deformations. 
Chapter 4 showed that the relationship between deformation and damage 
development is less straightforward than was apparent from previous findings. The 
first signs of damage are detected during indentation distally from the indenter in an 
area with estimated low strains and this resulted in a less evident correlation between 
strain energy density and damage volume that in previous studies involving 2D 
analysis (106). However, in the present model there was no consideration of the 
typical structure of the muscle, involving long fibre bundles in compartments and the 
role of interstitial fluid. Accordingly future studies could focus on multi-scale 
modelling to unravel which factors contribute to damage development both spatially 
and temporally. 

In vivo study: humans 
In chapter 6 the biological variation of urinary myoglobin was studied in able-bodied 
(AB) and SCI individuals. The necessity of evaluating the biomarkers in specific 
subgroups was reiterated in our study, figure 6.8. However, with hindsight the 
imposed strict inclusion/exclusion criteria hindered the recruited number of SCI 
participants. To be able to truly assess the predictive value of the biomarkers studies 
should be performed on a larger cohort. In our study eligible participants abstained 
from partaking in the study due to the significant burden which would be imposed on 
them. Thus it is apparent that for future research, as well as developing a screening 
method which could be practically implemented, it is necessary to develop a relatively 
simple non-consuming method acceptable to the participants. Present findings 
demonstrating temporal variability infer that it will be necessary to test on a daily basis 
which requires an easy test, preferably involving a sensor that works automatically. 
Accordingly, future studies could consider using dipstick methods e.g. the commonly 
used dipstick for haemoglobin which is also sensitive to myoglobin, or point-of-care 
tests, e.g. the Cobas H 232, to reduce the burden to the individual participants. 

Ethical considerations 
In animal experimentation a researcher always has to evaluate the three Rs: Replace, 
Reduce, and Refine. Due to the objectives of the current research it was impossible to 
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replace the experiment with in silico or in vitro studies. Reducing the number of animals 
required for this research was achieved by combining a multitude of different 
techniques (MRI, FEA and biomarkers analysis) in one experiment. Refinement was 
achieved by the use of MRI, which enabled us to monitor the spatial and temporal 
effects of indentation non-invasively, using each animal as its own control.  

Main findings and clinical implications  
Aetiology: individual susceptibility  
The currently accepted hypothesis on how mechanical loading induced DTI 
formation is postulated by Loerakker et al. (101). These authors state that there are 
two mechanical thresholds (εi and εd) associated with a characteristic timescale. At 
relatively low levels of deformation (≥ εi) there will be partial/total occlusion of blood 
and lymph vessels. Prolonged periods above the ischemic threshold will lead to a lack 
of oxygen and nutrients and a build-up of waste products, which will eventually lead 
to ischemic damage. At higher levels of deformation (≥ εd) direct deformation damage 
starts to develop, involving damage to cell membrane and the cytoskeletal. Loerakker 
et al. reported that when the damage threshold for direct deformation was exceeded, a 
monotonic increase in the amount of tissue damage occurred with increased 
mechanical loading (106). As shown in chapter 4 we found a wider range in the 
amount of damage development at similar indentations and the correlation with the 
applied load was less clear. This suggests that the damage threshold varies in terms of 
applied strain energy to the tissue for an individual animal. While earlier work 
suggested that it was a distinct transition the present findings infer, even in a well-
defined population (same age, weight, gender), the likely presence of a threshold zone 
for direct deformation. Thus in chapter 4 it is evident that a strain energy zone is 
found were none of the animals shows damage and a strain energy above which all 
animals show damage, however there is a zone in between where there is an intra-
animal variability in terms of tissue response. It is conceivable that an equivalent a 
zone exists for the ischemic threshold, although this was not investigated in the 
present thesis. Furthermore, it is likely that the magnitude of the response when 
exceeding these mechanical loading thresholds is also individually dependent.  

In the current experiments it is impossible to distinguish between the individual 
deformation threshold and the rate at which the subsequent damage develops, during 
the 2 hour loading period. After damage is initiated a cascade of processes start to  
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occur, involving breaking of muscle fibres, oedema formation, haemorrhage, necrosis, 
and infiltration of immune cells, as described in chapter 2. The extent to which an 
animal responds to these processes may be individually dependent and can cause large 
difference in the observed damage development over a period of two hours. As 
shown by Loerakker et al. (106) direct deformation damage can occur very rapidly (< 
10 min). An interesting approach would therefore be to reduce the loading period to 
10 minutes to ascertain the individual susceptibility to deformation specifically with 
relation to the threshold level.  

Factors associated with perfusion and oxygenation, nutritional status, body 
temperature, age, sensory perception, haematological factors, and general health are 
considered to increase the risk of developing a pressure ulcer. It is very unlikely that 
these factors will have played a role in the present animal model. This suggests that 
other factors may contribute to the susceptibility of DTI development, for example 
the inflammatory response, fibre type distribution, and genetic components. Clearly in 
the clinical environment the situation will be inevitably be even more complicated.  

Monitoring of DTI 
The first stage in our proposed early detection method is systemic monitoring, as 
indicated in Figure 7.1. Such a monitoring method would have to fulfil several 
requirements, such that the selected biomarkers increase in a timely manner to ensure 
that substantial damage formation is avoided. Furthermore, the increase needs to 
reflect the extent of damage. These factors were investigated with the animal model of 
DTI, as described in chapter 5. The temporal profile of the muscle damage 
biomarkers in blood revealed that both myoglobin and troponin increase rapidly after 
deformation-induced damage, at 2 and 4 hours respectively, Figure 5.3. In addition, 
myoglobin excretion in urine increased in the first 24 hours after indentation. The 
increase in biomarkers levels also showed a good correlation with the extent of muscle 
damage as determined by MRI parameters. Therefore these biomarkers are indeed 
promising to monitor DTI formation originating in muscle tissue.  

To evaluate which biomarker should be used in a monitoring method the specificity 
and sensitivity of detecting DTI needs to be determined. Troponin has skeletal 
isoforms enabling specific detection of skeletal muscle damage. Therefore, it represent 
a more specific biomarker for DTI than myoglobin. However, myoglobin increases at 
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Figure 7.1: Schematic representation of the proposed early detection method. Individuals 
expected to be susceptible to DTI formation will be monitored. The biomarker of choice is 
individually based. When indicated by the monitoring method i.e. P = positive, clinicians must 
evaluate and decide if further diagnostics are necessary, as indicated by ETP = expected true 
positive. If clinicians expect a false positive (ETP) then monitoring should be resumed.  

lower levels of muscle damage than troponin. This might make myoglobin a more 
sensitive marker to DTIs than troponin. Another advantage of myoglobin is that it 
can be detected in urine. Accordingly, with the present findings, we propose the 
continued analysis of both candidates in future work. 

Chapter 6 describes a prospective cohort study to evaluate if myoglobin in urine 
could indicate DTI formation. This involved evaluating the biological variation of 
urinary myoglobin in AB and SCI individuals. Urinary myoglobin levels were generally 
higher in the SCI group compared to the AB group. This might be attributed to 
structural changes such as muscle atrophy and muscle spasms commonly experienced 
by SCI subjects. However, there are clear differences between the SCI individuals 
necessitating individualized reference ranges. Findings also show the importance of 
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daily monitoring when using this biomarker. Two subgroups could be distinguished 
with generally: undetectable (<15ng/ml) or detectable levels (>15ng/ml) of urinary 
myoglobin, as illustrated in Figure 6.8. In the former sub-group urinary myoglobin 
may serve as a monitoring marker for DTI (Figure 7.1). Due to the rapid increase in 
myoglobin after muscle damage DTI’s may be detected at a very early stage. By 
contrast for individuals who regularly exhibit detectable levels of urinary myoglobin 
the situation is idiopathic in nature. In this group there is a possibility that the levels of 
myoglobin excretion due to DTI formation lie within the reference range. This will 
reduce the sensitivity and specificity of urinary myoglobin for this subgroup. 
Furthermore, in this subgroup it is necessary to correct for dilution effects, which 
requires analysis of a second marker, such as urea (Figure 6.3). Clinically it might be 
beneficial in this subgroup to transfer to blood sampling and analyse myoglobin and 
troponin concentrations, Figure 7.1. 

In this thesis muscle damage markers were evaluated for the systemic monitoring of 
DTI formation. This choice was justified due to the high susceptible of muscle tissue 
to deformation-induced tissue damage, which results in the progression of some DTIs 
to category III or IV pressure ulcers. These type of ulcers are difficult to heal and 
often need surgical reconstruction (170). By adopting our proposed strategy in a 
timely manner, we could prevent this situation by managing the condition 
appropriately when muscle damage has been detected at an early stage. However, it 
should be recognised that DTI’s occur frequently at locations with no or very little 
muscle tissue, e.g. the heel, ankle, foot and elbow (188). Muscle damage markers will 
obviously have no predictive value for DTIs occurring in these anatomical locations. 
Possible alternative biomarkers could involve collagen degradation markers, such as 
glucosyl-galactosyl hydroxylysine and galactosyl hydroxylysine (151, 152).  

Diagnosis of DTI 
To evaluate which damage or recovery processes could be targeted for quantitative 
diagnosis of DTI a multi-parametric MRI protocol was compared to histological 
methods in chapter 2. During the initial damage and subsequent recovery, several 
processes play an important role: oedema formation, degeneration of muscle fibres, 
haemorrhage, necrosis, infiltration of immune cells and eventually fibrosis formation. 
Using the multi-parametric MRI protocol we were able to quantify these processes 
and consequently achieved our goal of diagnosing DTI formation, Figure 2.9 and 7.1. 
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To target individual pathological processes it is necessary to use multiple MR 
modalities, Figure 2.11. 

An important observation was that the initial signs of oedema formation and tissue 
damage could be detected peripherally to the site of applied loading. By contrast, due 
to the confinement of the tissue in the loaded area restricting fluid flow a similar 
observation could not be ascertained there during the loading period. After unloading, 
however, the damaged area in the deformed tissue was fully revealed. Indeed, two 
hours of loading resulted in an extensive damaged area (Figure 2.3). 

This works represents, for the first time, that deformation-induced damage could be 
monitored over a period of 14 days. The fact that physiological changes could still be 
detected 2 weeks after indentation was surprising due to the absence of external signs 
of tissue damage and the fact that the animals did not show any signs of discomfort. It 
is interesting to note that the deformation-induced damage and remodelling processes 
exhibit a physiological profile analogous to other types of acute muscle damage, for 
example, contusion, contraction-induced, or crush injury (14, 38, 39, 41, 86, 108, 111, 
194). 

We employed MRI to non-invasively monitor our experiments, which provides an 
opportunity for different type of scans to be performed to monitor distinct 
physiological processes up to 14 days. However, clinically it will not be feasible to use 
MRI to diagnose DTI due to the demand of the machines in a clinical service with the 
inevitable waiting lists and costs associated with the scans. Therefore we propose that 
the results from our study should be translated to less expensive available techniques 
involving ultrasound and/or bioimpedance measurements, Figure 7.1. Although these 
systems could be used in primary care settings, e.g. nursing homes of even in the 
community setting, they would still require technical support. 

Translation of the data from chapter 2 to the clinical setting should be made with 
caution. Besides the fact that this data was acquired from an animal model, it was 
acquired from healthy animals. Comorbidities like muscle atrophy and diabetes will 
influence damage progression and recovery. Indeed studies focussed on translating the 
acquired data from this study to an at-risk cohort should carefully evaluate their 
associated comorbidities. 
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Recommendations for future research 
The current work could be extended in a number of directions. In focusing on the 
aetiological aspects of DTI, this would involve the use of multi-scale modelling to 
determine the exact causes of the individual susceptibility to mechanical loading in 
muscle tissue. Several processes could be taken into account, of example, involving 
oedema formation and the immunological response. This could provide improved 
identification of individuals at risk of developing DTI. 

The use of long-term experiments on animal models enables the differentiation 
between irreversible and reversible damage. This approach would necessitate the use 
of shorter periods of continuous loading and intermittent loading profiles at different 
magnitudes of deformation. The latter regimen would also provide an insight into 
clinically feasible unloading and re-loading protocols as a prevention strategy. 

In chapter 6 we were unable to ascertain the predictive value of urinary myoglobin 
for DTI formation. To determine this, a study with an increased sample size should be 
performed. To achieve this, the study procedures should be simplified for the 
participants i.e. involving a binary response using a simple dipstick method and daily 
testing. More centres might be included to obtain a higher sample size, although test 
protocols would have to be standardized. In any such study it is important to carefully 
examine the two subgroups we identified, Figures 6.8 and 7.1. In particular, those 
revealing detectable levels of myoglobin concentrations in urine further sampling 
should be examined. Further studies could be envisaged involving patients at risk of 
developing DTI, for example, adults treated in intensive care units. 

Individuals with a spinal cord injury often experience comorbidities, which can 
influence the damage and recovery processes in this cohort. Therefore it is necessary 
to perform larger cohort studies to identify the effects of these conditions. 
Furthermore the damage and recovery processes should be characterized to enable 
accurate diagnosis of DTI. Initial studies could use a multi-parametric MRI protocol 
for this purpose. However, eventually the findings should be translated to other less 
expensive and more portable techniques involving, for example, ultrasound in clinical 
practice. 
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List of abbreviations 
2D / 3D:   Two / three dimensional 
AB:  Able-bodied 
ADC:  Apparent diffusion coefficient 
ANOVA:  Analysis of variance 
ASIA:  American Spinal Injury Association 
AUC:  Area under the curve 
BN:  Brown Norway 
Cbmax:  Maximum observed concentration in blood 
CHESS:  Chemical-shift selective 
CK:  Creatine kinase 
COM:  Centre of mass 
D:  Material parameter of the Ogden material description 
DTI :   Deep tissue injury  
DWI:  Diffusion weighted imaging 
ECM:  Extracellular matrix 
EDL:  extensor digitorum longus 
EPI:  Echo planar imaging 
FE:  Finite element 
FEA:  Finite element analysis 
FEM:  Finite element model 
FLASH:  Fast low angle shot  
FOV:   Field of view 
H&E:  Hematoxylin and eosin   
IM: ` Interosseous membrane 
LOD:  Limit of detection 
Mb:  Myoglobin 
Mbb:  Myoglobin concentration in blood 
Mbu:  Myoglobin concentration in urine 
MD:  Mean diffusivity 
MGE:   Multi gradient echo 
MIPs:  Maximum intensity projections 
MR:  Magnetic resonance 
MRA:   Magnetic resonance angiography 
MRE:  Magnetic resonance elastography 
MRI:   Magnetic resonance imaging 
MSME:  Multi-slice multi-echo 
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MSS:  Maximum shear strain 
MTX:  Reconstruction matrix 
Mumax:  Maximum observed excretion in urine 
NEX:  Number of averages 
Nv:  Number of gridpoints 
PU:   Pressure ulcer 
R2:  Coefficient of determination 
RARE:  Rapid imaging with refocused echoes  
ROI:  Region of interest 
rs:  Spearman’s correlation coefficient 
SCI:   Spinal cord injury / spinal cord injured 
SD:  Sprague Dawley 
SE:  Spin echo 
SNR:  Signal to noise ratio 
SPAMM:  Spatial modulation of magnetization 
T2w:  T2-weighted 
TA:  Tibialis anterior  
TE:  Echo time 
TEeff:  Effective echo time 
Tn:  Troponin 
TOF:   Time of flight 
TR:  Repitition time 
TRI:  Massons trichrome 
U:  Strain energy 
US:   Ultrasound 
Utot:  Total strain energy 
Vdi:  Volume of significantly elevated T2-values in the indenter region 
VOI:  Volume of interest 
vv:  voxel volume 
 
α:  Material parameter of the Ogden material description 
εd:  deformation threshold for direct deformation damage 
εi:  deformation threshold for ischemic damage 
μ:  Mean 
μm  Material parameter of the Ogden material description 
σ:  Standard deviation  
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