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Modeling the development of

in vitro and in vivo

pressure-induced muscle

damage

Pressure ulcers are localized areas of soft tissue breakdown resulting from sustained
mechanical loading. The aim of the present thesis was to increase our understanding
of the pathways leading to deep pressure ulcers that start in skeletal muscle tissue,
also called pressure-induced deep tissue injury. Thorough knowledge of this aetiology
is necessary for early detection, objective risk assessment and adequate prevention.
Ischaemia has always been thought to play an important role in causing pressure
ulcers, but the tolerance of skeletal muscle cells to ischaemia makes it unlikely that
this is the only cause of damage. Previous experimental studies indicated that cellular
deformation could directly lead to muscle cell damage (Bouten et al., 2001; Breuls
et al., 2003a; Stekelenburg et al., 2007; Gawlitta et al., 2007a). This thesis focuses
on theoretical modeling to further elucidate the contributions of pressure-induced
ischaemia and deformation to skeletal muscle damage as observed in in vitro and in

vivo experimental studies.

A microstructural finite element model was developed to study the interactions
between cells with respect to deformation-induced hypoxic damage. In the model,
external compression decreased capillary cross-sections, thereby decreasing the oxygen
supply to the cells, eventually resulting in cell death. Upon cell death, metabolism
ceased and mechanical stiffness was reduced. The latter effect led to a change in the
micro-mechanical environment, affecting the extent of capillary occlusion. Together,
these effects delayed or even prevented the ensuing damage development.
To integrate deformation-induced damage with ischaemic damage, a cellular damage
law for deformation-induced damage had to be established. The hypothesis was that
such a law could be based on intracellular calcium accumulation which was thought
to result from a deformation-induced disruption of the cell membrane integrity. This
was tested in single-cell compression experiments in which the intracellular calcium
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concentration was monitored. The heterogeneity in the responses emphasized the
significance of the cell level in damage processes, but there was no consistent increase
in the intracellular calcium concentration as was hypothesized.
The combined effects of deformation- and ischaemia-induced damage were analyzed
using a theoretical description of in vitro experiments from Gawlitta et al. (2007b). In
those experiments, tissue-engineered muscle constructs were subjected to ischaemia
and/or mechanical compression. Concentrations of metabolites and a cell death
marker (LDH) were measured in the medium surrounding the construct. Compression
did not lead to an increase in the LDH concentration, which contradicted previous
findings (Gawlitta et al., 2007a; Breuls et al., 2003a; Bouten et al., 2001). The
theoretical model showed that this lack of effect of compression could be explained by
the compression-induced decrease in diffusivity. Compression did lead to considerable
cell death but diffusion of LDH to the medium was limited.
To study the local relation between muscle damage and deformation, in vivo animal
experiments from Stekelenburg et al. (2007) were used. With an MR-compatible
loading device, both the short-term spatial damage distribution and the internal strain
distribution could be measured, using T2-weighted MRI and MR tagging respectively.
Since these two techniques could not be combined in one protocol, a dedicated finite
element model was developed to calculate the internal strain distribution for each
animal specifically. The model was validated with MR tagging measurements.
Analysis of damage in conjunction with the numerical strain calculations proved
the existence of a strain threshold for damage initiation. When maximum shear
strains in the muscle exceeded this threshold, damage was observed. A local
comparison between measured damage and calculated maximum shear strains
revealed a monotonic increase in damage with increasing strain. Moreover, this
relationship was very similar for the individual animals, suggesting that the sensitivity
for strain-induced damage is a tissue property.

In conclusion, this thesis shows that the development of theoretical models can
be a valuable addition to both in vitro and in vivo experiments. Taking into
account diffusion properties is important for the analysis of indirect measurements.
It proved that deformation caused damage, although it could not be measured in the
experiments of Gawlitta et al. (2007b). Moreover, for the first time a strain threshold
for the initiation of damage in skeletal muscle tissue was identified, using a combined
experimental-numerical approach. When this threshold was exceeded, there was a
monotonic increase in damage with increasing strain, and the differences among the
animals were remarkable small. Thus, the results strongly propose that deformation is
an important contributor to damage initiation of pressure-induced deep tissue injury.
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General introduction
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2 Chapter 1

1.1 Problem definition: Pressure ulcers

Soft tissues of wheelchair-bound or bedridden people or people wearing orthoses
or prostheses experience extended periods of unrelenting deformation. This may
eventually lead to tissue breakdown, particularly when sensation or mobility are
impaired leading to absence of perceived pain or ability to shift weight, respectively.
The resulting wound, a localized area of degenerated skin and/or underlying tissues,
is called a pressure ulcer (PU, also called pressure sore, bedsore or decubitus).
Most PUs are initiated in the skin, and stay confined to superficial tissue layers. In
the most commonly used staging system based on Shea (1975), wounds confined to
skin layers are classified as grade 1 or 2 ulcers, depending on the integrity of the skin.
Deep pressure ulcers, in contrast, are wounds that involve substantial subcutaneous
tissue damage, often starting adjacent to bony prominences. They are classified as
grade 3 or 4. The latter extend through fascia and involve muscle or bone damage,
while grade 3 ulcers do not penetrate fascia. This way of staging is solely based on
depth and extent of tissue loss.
However, deep pressure ulcers can further be divided depending on their initiation
site. They can either start at the skin from where they progress to deeper layers, or
originate in the subcutaneous layers under an intact skin (Black, 2005; Bliss, 1992;
Salcido et al., 1994; Daniel et al., 1981). The latter type is obviously difficult to
detect at an early stage, and involves a different damage pathway. The lack of
discrimination in the staging systems between these two developmental pathways
has led to misdiagnosis and inadequate treatment (Ankrom et al., 2005). This was
recently recognized by the US Pressure Ulcer Advisory Panel (NPUAP) (Ankrom
et al., 2005; Black, 2005), who recommended the use of the term deep tissue injury
to describe pressure-related injury to subcutaneous tissues under intact skin.
The focus of this thesis is directed towards deep tissue injury. Although the prevalence
of deep PUs is much lower than that of superficial PUs (Bours et al., 2002), the former
constitute a serious problem. These wounds compromise quality of life, and are also
associated with prolonged healing and, in some cases, the need for surgery. Although
the specific prevalence of pressure-related deep tissue injury has not been recorded,
it is known that spinal cord injured (SCI) patients are particularly vulnerable to the
condition (Chen et al., 2005; Garber and Rintala, 2003; Scelsi, 2001). Obviously,
impaired sensation and mobility predisposes these patients to PUs, but additional
changes in their muscle characteristics make them more vulnerable to pressure-
induced damage.

1.2 Skeletal muscle tissue in healthy and degenera-

tive conditions

Skeletal muscles are surrounded by a thick connective tissue layer, the fascia. The
inner layer of the fascia is called the epimysium (Helliwell, 1999) and contains
large blood vessels that branch from the main artery and vein feeding and draining
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the muscle. This outer layer of extracellular matrix continues as the perimysium,
separating the muscle into fascicles (figure 1.1), which represent bundles of muscle
fibres. A muscle fibre is a multinucleated elongated cell with a diameter of 10-100µm
(Gray and Carter, 1995; Junqueira et al., 2000), surrounded by a third thin layer of
extracellular matrix, the endomysium (figure 1.1). The endomysium contains blood
and lymph capillaries.

Figure 1.1: Skeletal muscle structure: The entire muscle is surrounded by the
epimysium, which continues as perimysium covering the fascicles, and
finally as endomysium which surrounds the individual muscle fibers
(Gray and Carter, 1995).

Each muscle fibre per se is composed of fibrils, which represent repeated units of
sarcomeres and are responsible for the contractile properties of muscles. They consist
of actin and myosin molecules, which can actively slide along each other, thereby
producing muscle contraction. The energy needed for this process comes from ATP,
either aerobically or anaerobically produced, depending on muscle fibre type. The
fibre composition of a muscle corresponds to its main function. Type I or slow fibres
are mainly dependent on aerobic ATP production for postural, high endurance muscle
activity. Type II or fast twitch fibres are responsible for fast, short contractions and
need the rapid availability of ATP, which they predominantly obtain from anaerobic
metabolism.

Early studies by Nola and Vistnes (1980) and Daniel et al. (1981) showed that
external compressive loading could affect skeletal muscle tissue without compromising
skin tissue. This provides an explanation for the existence of pressure ulcers initiated
in skeletal muscle, i.e. pressure-related deep tissue injury. Both a higher sensitivity
to compressive loading and an inhomogeneous internal stress and strain distribution
could make muscle more prone to damage than skin.
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Skeletal muscle tissue is indeed more sensitive to ischaemia than skin and fat tissue.
Irreversible changes already occur after only 4 hours of ischaemia while changes remain
reversible up to 24 hours in skin (Blaisdell, 2002). In SCI patients, impaired perfusion
of muscle tissue (Tyml and Mathieu-Costello, 2001) can contribute to their higher
sensitivity for PU development.
Regarding inhomogeneous stress and strain distributions, numerical studies have
indicated that stresses and strains are higher in deeper tissue layers adjacent to
bony prominences than in the skin layer (Linder-Ganz et al., 2007; Oomens et al.,
2003). Again spinal cord injury induces unfavorable changes. There is muscle atrophy
(Castro et al., 1999; Kern et al., 2004; Modlesky et al., 2004; Scelsi, 2001), the amount
of intramuscular fat increases (Modlesky et al., 2004; Scelsi, 2001; Maggioni et al.,
2003), there is a transformation from fast to slow fiber type (Talmadge et al., 2002;
Scelsi, 2001) and loss of natural muscle contraction leading to flaccid paralysis (Bogie
and Bader, 2005). These adaptations may lead to higher internal stresses and strains,
or a more critical distribution of these stresses and strains. Additionally, they may
make tissue more vulnerable for compressive loading.
These factors can explain the higher prevalence of deep tissue injury in the spinal
cord injured compared to other patient groups. However, the immediate cause of
deep tissue injury in spinal cord injured patients is unclear (Clark et al., 2006). Thus
in order to prevent the development of pressure-related deep tissue injury, a more
thorough understanding of the internal damage processes is required.

1.3 Aetiology

The primary mechanical factors that cause pressure ulcers are sustained external
pressure, shear or friction. Friction, which represents the physical interaction between
the supporting surface and tissue sliding along it, is not the subject of the present
thesis. The focus is on pressure (forces normal to the surface) and shear (forces
parallel to the surface), which often exist in combination.
Experimental studies have suggested an inverse relationship between the duration of
pressure application and the magnitude of pressure in causing tissue injury (Daniel
et al., 1981; Kosiak, 1959, 1961; Reswick and Rogers, 1976). These studies resulted
in pressure versus time curves that predicted the combinations of pressure and time
which can lead to damage. A recent study by Linder-Ganz et al. (2006) however
proposed an alternative shape of these curves, from hyperbolic to sigmoidal in form.
They combined documented studies of skeletal muscle damage due to certain pressure-
time relationships (Husain, 1953; Kosiak, 1961; Nola and Vistnes, 1980; Salcido et al.,
1994) with new measurements particularly at exposure times less than one hour. Their
conclusion was that for pressure exposures less than one hour and in excess of two
hours, the magnitude of pressure was the sole determinant in predicting whether
damage will ensue. In contrast, between these time periods, i.e. exposure times
between one and two hours, the inverse relationship between pressure and time still
appeared to be valid, as seen in figure 1.2.
It might be hypothesized that in the first flat phase of the curve damage is caused
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by direct mechanical disruption of muscle fibers, almost independent of time period.
However a time delay will elapse, as indicated by the dotted line in figure 1.2, before
the amount of disrupted fibers has become substantial. The accumulated damage will
then cause a pressure ulcer.
In the hyperbolic part of the curve, the body may no longer be able to maintain
tissue homeostasis, depending on the severity and the duration of the mechanical
perturbation. The extended part of the curve that is time-independent might reflect
the existence of a minimum pressure needed to disturb tissue homeostasis such that
it cannot be restored.

0 1 2
0

80

time (hours)

pr
es

su
re

 (
kP

a)

                           direct mechanical damage

                   loss of homeostasis

       minimum pressure irreversibly
       disturbing homeostasis          

PUs

no PUs

Figure 1.2: Pressure versus time curve with hypothesized aetiology for pressure
ulcers (after Linder-Ganz et al. (2006)). Pressure-time combinations
above the curve will lead to pressure ulcers (PUs).

Sustained tissue compression may affect homeostatic processes in many ways,
sometimes leading to tissue breakdown and pressure ulcers. Tissue tolerance will
be an important factor in damage evolution, causing considerable differences between
individuals. Thus, the sharp demarcation between ’PUs’ and ’no PUs’ as indicated in
figure 1.2 is an over-simplification and should be more realistically represented by a
wider shaded area, which accounts for varying tissue sensitivity among people (Breuls
et al., 2003b).
Pressure versus time curves are thus useful in discussions on aetiology, but they have
serious limitations. Depending on individual morphology and mechanical properties,
the same external pressure will lead to different internal stress-strain states for
different individuals. Furthermore, externally applied pressure is not a good predictor
of stress-strain states in subcutaneous tissues (Gefen et al., 2005; Oomens et al., 2003).
That is why comparisons between individuals cannot be made based on external
pressure alone.
Moreover, pressure versus time curves will not provide definitive answers to the
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question which processes are most important in causing tissue injury. Indeed
identifying the most critical damage pathways is important for several reasons: It
increases our understanding about what can be done to prevent tissue breakdown or,
at least, to detect it at an early stage. It can also help improve our insight in objective
risk factors and identification of individuals who are particularly sensitive to pressure
ulcer development. Such differences in sensitivity can only be predicted and acted
upon when the underlying damage pathways are fully understood.

It has been traditionally thought that ischaemia due to compression-induced
occlusion of blood vessels represents the major contributor to tissue damage through
an inadequate supply of oxygen and other nutrients (Daniel et al., 1981; Kosiak,
1959). In addition however, occlusion of efferent blood and lymph vessels and
disturbed interstitial fluid flow will compromise waste product removal, further
disturbing homeostasis (Reddy et al., 1981; Reddy and Patel, 1995; Zhang et al.,
1997). Furthermore, reperfusion upon tissue unloading can exacerbate the situation
as a result of the presence of toxic reactive oxygen species in the tissue (Blaisdell,
2002; Grisotto et al., 2000; Peirce et al., 2000; Ünal et al., 2001).
Besides affecting transport, compression might compromise tissue viability through
the effects of cell deformation. Straining muscle cells can indeed lead to damage, as
has been demonstrated in vitro by Bouten et al. (2001) and Breuls et al. (2003a).
The individual contributions of these different damage pathways and their interactions
in causing pressure ulcers have not been adequately resolved. Animal experiments by
Stekelenburg et al. (2007) strongly suggested that tissue deformation was important
since only part of a completely ischaemic muscle was damaged and that part seemed to
be in the region that experienced the highest deformations. Experiments by Gawlitta
et al. (2007a) reinforced this hypothesis, as it was found that hypoxia superimposed on
40% compression did not cause extra cell death in tissue-engineered muscle constructs
during a 22 hours culture period. When the period was extended to 5 days however,
then ischaemic factors did lead to decreased cell viability (Gawlitta et al., 2007b).
It is clear that ischaemia is involved in PU aetiology, but the above mentioned
studies indicate that deformation is important, particularly in the initial stages of
PU development.
It is however difficult to extrapolate results from experiments with tissue-engineered
constructs to humans, with their intricate tissue organization and architecture.
Experiments with animals are restricted in many ways, both practical and ethical,
complicating their interpretation. The present thesis is focused on improving
our understanding of the underlying processes responsible for compression-induced
damage measured in experiments at various hierarchical levels, by the implementation
of theoretical modeling.

1.4 Existing theoretical models

Sacks (1989) made one of the first attempts at theoretically describing the
experimentally observed inverse relationship between pressure level and time of
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exposure in causing pressure ulcers. He assumed that there was a definable pressure
that would initiate a pressure ulcer. This threshold pressure would depend on
exposure time, tissue blood flow and physical properties, such as tissue density and
elastic modulus. Using a dimension analysis, the resulting equation was reasonable at
fitting the relationship between pressure and time based on experimental data from
Reswick and Rogers (1976) and Kosiak (1959). However, no consideration was given
to local geometry and loading distribution, since Sacks (1989) assumed that global
tissue properties were of primary importance in the development of pressure ulcers.
Reddy et al. (1981) analyzed the effects of external pressure on interstitial fluid
dynamics using Darcy’s law on a simple tissue cylinder. They found an inverse
relationship between pressure intensity and duration required to squeeze out a
certain volume of interstitial fluid, similar to the inverse relationships reported in
experimental studies of Reswick and Rogers (1976) and Kosiak (1959).
Mak et al. (1994) and Zhang et al. (1997) further explored the hypothesis that loss of
interstitial fluid could explain pressure ulcer development. They used a biphasic poro-
elastic theory to demonstrate that over a period of hours tissue compaction continues
to increase as interstitial fluid slowly exudes from the tissue. Choosing an arbitrary
damage threshold for tissue compaction, their numerical result fitted the pressure
versus time curve from Reswick and Rogers (1976).

The above mentioned models do however not explain deep injury initiating in
skeletal muscle tissue without affecting skin layers. Chow and Odell (1978), Todd
and Thacker (1994), Dabnichki et al. (1994), Oomens et al. (2003) and Gefen et al.

(2005) developed finite element models to evaluate the local stress and strain state in
buttocks from a seated person. All these studies found that internal deformational
stresses and strains could be much higher than stresses and strains at the interface
between buttocks and support surface, but recognized that this could not be directly
translated to a risk of tissue damage. This required information on the susceptibility
of individual tissue layers when exposed to stresses and/or strains.
Gefen et al. (2005) and Linder-Ganz and Gefen (2004) combined finite element
modeling with animal experiments, in which they measured changes in muscle
mechanical properties as a result of prolonged compression. These authors found
that muscle stiffness increased with duration of application of external pressures of 35
or 70kPa. In their finite element model, they used this pressure- and time-dependent
stiffening to adapt local muscle stiffness to internal stress levels. The result was an
enlargement of the high-stress area, which might increase the risk of cell death.

Changes in internal strain distribution after muscle stiffening were not analyzed
by Gefen et al. (2005) and Linder-Ganz and Gefen (2004). However, certain authors
have proposed that strains per se could induce cell death (Bosboom, 2003; Breuls
et al., 2003a). Indeed, it is well established that muscle tissue can withstand
high compressive hydrostatic pressures (Husain, 1953), and it is distortion that will
probably be more harmful to tissue. Bosboom (2003) investigated the hypothesis that
prolonged cell deformation is an important trigger for the onset of tissue damage due
to external compression. They constructed a 3D finite element model to simulate the
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experimental indentation of a rat hindlimb and compared calculated strains to the
locations of measured damage. Although the area of high maximum shear strains
showed some overlap with the area of muscle damage, it could not be definitively
concluded that cellular deformation per se caused tissue damage.
The variability in degree and location of damage after similar loading conditions
which Bosboom et al. (2003) observed, indicates that externally applied load
and local mechanical conditions do not represent adequate parameters to explain
damage development. Tissue microstructure and tissue tolerance are clearly
essential determinants of potential injury. Breuls et al. (2003b) incorporated muscle
microstructure and strain-induced tissue damage in a multilevel finite element model.
Macroscopically, an external pressure was applied to a muscle, which resulted in a
nonhomogeneous strain field at a microscopic level. A damage law was developed
based on the accumulated strain energy density, which indicated that cell death
would be initiated above a defined threshold level. This enabled a damage curve
to be established, which was comparable to the allowable-pressure versus time curves
from previous experimental studies. An important finding from this study was that
microstructural heterogeneity strongly influenced damage evolution, highlighting the
need for local examination of tissue status in order to understand cellular processes
governing damage evolution. Thus, to increase this understanding and directly
couple cellular deformation to damage, theoretical and experimental models on the
microstructural level are needed.

1.5 Rationale and outline

Summarizing, pressure-related deep tissue injury constitutes a serious problem,
particularly for spinal cord injured patients. The initiation of deep tissue injury is
poorly understood, and associated damage processes in skeletal muscle tissue should
be investigated thoroughly. Currently, a lot of in vitro and in vivo experimental data
is available, and the present thesis is an attempt to give a better interpretation of
these experiments and to couple the different hierarchical scales that are involved.
The following questions are addressed: What are the individual roles and interactions
of ischaemia and tissue deformation in the damage pathway leading to pressure-
induced deep tissue injury? Can we identify a damage threshold for deep tissue
injury, based on the local mechanical state of the muscle tissue?

Because ischaemia has always been assumed an important factor in pressure ulcer
aetiology and its damage pathway has been studied intensively, ischaemic damage
formed the first process to be examined using a finite element model (chapter 2).
Describing oxygen diffusion and damage due to lack of oxygen on a representative
volume element of muscle tissue enabled us to study the interaction between cells and
the influence of changing metabolic and mechanical properties due to cell death, on
damage propagation.
Another aetiological factor implicated in pressure ulcer development, although less
well examined, involves the deformation of cells. Incorporating this factor in a
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theoretical model requires knowledge of the processes involved in deformation-induced
tissue injury. Several deformation-related muscle injuries have been associated with a
calcium overload, and intracellular calcium accumulation is also involved in ischaemia.
Hence it was proposed that calcium could represent a common damage parameter
linking ischaemia and cellular deformation. In chapter 3, compression experiments
with single myotubes are described. A fluorescent calcium indicator was used
to visualize the hypothesized calcium accumulation in cells subjected to sustained
compression.
Chapter 4 describes an alternative way of combining ischaemic damage with damage
due to cellular deformation. Gawlitta et al. (2007b) assessed metabolic parameters
and cell death in experiments with 3D tissue-engineered muscle constructs that were
subjected to ischaemia, deformation or both. Theoretical modeling was used to
improve interpretation of these experimental results and understand the individual
roles of ischaemia and deformation.

Skeletal muscle damage starts at the cellular level, but extends towards the tissue
and organism level because of cellular interactions and the likely involvement of
blood and lymph circulation. To study the influence of tissue deformation and
ischaemia at the organism level, finite element modeling is used to mimic in vivo

animal experiments in which muscle compression was applied and damage evolution
was measured with T2-weighted MRI (Stekelenburg et al., 2006a). Evaluation of the
experimental results suggested that damage was confined to a much smaller region
than that associated with ischaemia and suggested a correlation between damage
and high strains. However, in the experimental protocols, deformation could not
be measured simultaneously with damage parameters. Therefore, dedicated finite
element modeling was used to predict the internal strains in the compressed muscle
and attempt to correlate the resulting strains with damage parameters. First, the
model was validated by comparing strains from MR tagging measurements with
numerically calculated strains (chapter 5). Chapter 6 describes the correlation
between measured damage and internal tissue strains, in an attempt to find a damage
threshold.
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Microstructural analysis of

deformation-induced hypoxic
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The contents of this chapter are based on K.K. Ceelen, C.W.J. Oomens,
F.P.T. Baaijens (2007), Microstructural analysis of deformation-induced hypoxic

damage in skeletal muscle, Biomechanics and Modelling in Mechanobiology; DOI:
10.1007/s10237-007-0097-7.
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2.1 Introduction

Pressure ulcers are localized areas of soft tissue breakdown resulting from sustained
mechanical loading. The wounds either start in the skin, from where they may extend
towards deeper tissue layers, or they arise in deep tissue layers and progress towards
the skin. The current paper focuses on deep tissue injury, recently defined as pressure-
related injury to subcutaneous tissues while the skin is still intact (Donnelly, 2005).
The reason for this is that those deep pressure ulcers, often starting in skeletal muscle
tissue overlying bony prominences, develop much faster and yield more extensive
ulceration than superficial ulcers. In addition, these ulcers are hard to detect. When
they become visible at the skin surface, extensive tissue degeneration may already
have occurred in deeper tissue layers. Spinal cord injured patients are especially
vulnerable for these wounds (Bours et al., 2002; Garber and Rintala, 2003; McKinley
et al., 1999). Pressure ulcer prevalence rates for this group are very high (30-60%),
and a recent study in the United States (Garber and Rintala, 2003) has shown that
56% of these ulcers are deep pressure ulcers.

2.1.1 Problem

To develop good, objective methods for early detection of deep tissue injury and to
develop a method to identify patients at risk of getting a pressure ulcer, it is necessary
to understand the way tissues react on mechanical loading. It is generally accepted
that external loading is the primary cause of pressure ulcers, but the subsequent
pathway leading to damage is still unclear. The most often adhered hypothesis is that
tissue compression inhibits capillary perfusion, leading to ischaemia, and after removal
of the load to reperfusion injury (Grisotto et al., 2000; Kosiak, 1961; Peirce et al.,
2000). However, disturbance of the metabolic equilibrium due to impaired lymph
circulation and compromised interstitial fluid transport have also been proposed as
aetiological factors (Miller and Seale, 1981; Reddy, 1990). More recently, it has
been shown that cellular deformation in itself can produce damage to muscle cells,
increasing in time and with magnitude of compression (Bouten et al., 2001; Breuls
et al., 2003a). The individual contributions of these pathways and their interactions
are unknown. Bosboom et al. (2003) and Stekelenburg et al. (2006a) have observed
that in the initial stages of muscle damage, healthy and damaged cells form an
alternating pattern, suggesting an important role for the microstructure in the load
transmission. It might also be that dying cells protect healthy cells.
Stekelenburg et al. (2007) demonstrated in animal studies that 2 hours of compressive
loading, inducing both cellular deformation and ischaemia, led to damage in muscle
tissue that was still visible after 24 hours, while 2 hours of pure ischaemia resulted in
signs of damage that disappeared within an hour after load removal. She hypothesized
that deformation initiates damage, but that ischaemia causes the damage to grow
faster than would otherwise be the case.
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2.1.2 Objective

The objective of the current study is to increase the understanding of the underlying
mechanisms in the onset of deep pressure ulcers. This means that the study focuses
on skeletal muscle tissue. Our hypothesis is that the aetiology is dominated by
the interplay between cellular deformation and compression-induced ischaemia. In
our opinion, it is very important to understand transport properties and metabolic
processes, and in particular how they are influenced by tissue compression.

2.1.3 Approach

It became evident from earlier observations that in order to understand the way
damage develops in tissues, the microstructure of the tissue should be studied. The
pattern of interspersed healthy and dead cells (figure 2.1, Stekelenburg et al. (2006a))
found after compression suggests that whether or not a cell becomes damaged cannot
be predicted by considering each cell as an individual, but that cell-cell interactions
and the typical muscle microstructure should be taken into account. It is also clear
that oxygen and nutrients are not evenly spread over tissues, but that there is a spatial
component in the distribution. Moreover, in experiments, it is difficult to separate the
individual contributions of deformation and ischaemia to damage development. That
is why it was decided to develop a microstructural model of skeletal muscle tissue,
which is a combination of a solid mechanics model to determine tissue deformations
and stresses, and a transport model that describes the spatial distribution of oxygen
in the tissue. The questions addressed in the present paper are if cessation of oxygen
consumption in dead cells is beneficial for the remaining cells in the tissue, and if a
change in mechanical properties upon cell death affects damage development in other
cells.

2.2 Materials and methods

To answer these questions, a finite element model was developed that describes
deformation, diffusion and damage in a cross-section of skeletal muscle tissue. An
outline of the model is presented in figure 2.2. To assess tissue injury at a certain
predefined compression level, the mesh is compressed and the diffusion model is
solved to obtain the steady state oxygen distribution with the (partially) collapsed
capillaries as oxygen supplies. Damage is only assessed at the predefined compression
level, because the actual process of applying tissue deformation is too fast for any
hypoxic damage to occur. Damage grows in time until one cell dies. This changes
the mechanical properties of the cell, the oxygen distribution in the tissue and the
rate of damage growth in the remaining cells, making a re-evaluation of the total
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Figure 2.1: Transverse cross-section of skeletal muscle after 2 hours of mechanical
loading, stained with Gomori’s trichrome: The damage pattern
is a mixture of healthy (dark) and necrotic fibres (light, arrows)
(Stekelenburg et al. (2006a), with permission).

loop necessary. This is repeated until all cells are dead or no more cells die within a
reasonable amount of time.
The mesh is a representative volume element consisting of cells (muscle fibres),
extracellular matrix (ecm), and holes representing capillaries (figure 2.3). Cells
and ecm are modeled with extended quadratic, triangular, plane strain, Updated
Lagrange elements. Since pilot studies with changing mechanical properties of dead
cells revealed that the necessary large deformations led to problems due to distorted
elements, the effect of the change in mechanical properties is evaluated on a smaller
mesh, only one quarter of the one shown in figure 2.3.
The model is solved with the finite element package Sepran (Segal, 1984), using
an HSL solver (HSL, 2002) for the deformation part and an iterative Generalized
Minimum Residual Solver for the diffusion part.

2.2.1 Deformation

In the deformation part, the impulse balance (equation 2.1) is solved with a
hyperelastic constitutive law for both ecm and cells (equation 2.2):

~∇ · σ = ~0 (2.1)

σ = κ
ln(J)

J
I +

G

J

(

B − J
2

3 I
)

(2.2)

In these equations, σ is the Cauchy stress, B is the left Cauchy-Green tensor, defined
as F · Fc with F the deformation tensor, G is the shear modulus (156kPa), and κ is
the compression modulus (598kPa). The values of the shear and compression moduli
were chosen such that the stresses in compression resembled those predicted by the
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Figure 2.2: Outline of finite element model: (left) Compression is applied to a mesh
consisting of cells, ecm and capillaries, resulting in decreased capillary
cross-sections that determine the oxygen supply for the diffusion model.
Healthy cells are oxygen sinks in the oxygen diffusion model, in which
the partial oxygen pressures (pO2) are calculated. When the resulting
pO2’s remain above a threshold, the tissue remains healthy, but if
they fall below a threshold, damage starts to accumulate (see (right)).
This leads to cell death for some cells, of which the properties change
subsequently. This has consequences for both the deformation and
diffusion, necessitating another loop of the model if not all cells have
died yet. (right) In the damage model, damage in each cell is updated
according to the current extent of hypoxia. When the damage in all cells
is still below the threshold for cell death, time is updated and damage
accordingly until damage does exceed the death threshold in one or more
cells.
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model fitted by Bosboom et al. (2001). Cells and ecm were given the same initial
material properties. After a cell had died, both its shear and compression modulus
were reduced to 2

3
of their original values.

Deformation is applied in the form of unconfined compression (figure 2.3). A constant
pressure (-0.5kPa) is defined inside the holes, accounting for the hydrostatic pressure
exerted by the blood in these vessels. The resulting deformed areas of the capillary
cross-sections are determined and used in the calculation of boundary conditions for
the diffusion model.

Figure 2.3: Mesh and boundary conditions for deformation model (0.2 x 0.2 mm):
The mesh consists of cells (light grey), ecm (dark grey) and capillaries
(holes, white). Movement in vertical direction is suppressed along the
lower boundary of the mesh, and a downward displacement is prescribed
on the upper boundary.

2.2.2 Oxygen diffusion and consumption

The curves surrounding the capillary holes are considered as the layers of ecm
surrounding the capillaries, and the oxygen pressure there (pOcap

2 ) is expressed as a
function of the capillary cross-section (Acap). This capillary cross-section is assumed
to determine the magnitude of the erythrocyte flux and therefore the amount of
oxygen delivered to the tissue. The small percentage of dissolved oxygen in the blood
is neglected (3%, Guyton and Hall (2000)).
The erythrocyte flux (Qery) is equal to the blood flow (Qblood) multiplied by the
discharge hematocrit (HD) (Goldman and Popel, 2000), which is the erythrocyte
content:

Qery = QbloodHD (2.3)
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The blood flow is proportional to the capillary cross-section (Acap) squared and
inversely proportional to the apparent viscosity (ηa) according to Poiseuille’s law:

Qblood ∼
A2

cap

ηa
(2.4)

The apparent viscosity is again strongly dependent on blood vessel cross-section and
the discharge hematocrit, for which Pries et al. (1994) and Pries (1996) developed
an elaborate viscosity law which was substituted in equation 2.4. Since capillary
cross-sections constitute only a small part of the range of cross-sections for which
this viscosity law applies, and the discharge hematocrit was assumed to be constant,
the resulting relation was simplified by fitting it with a parabolic relation between
erythrocyte flux and cross-section to the relevant range of cross-sections.
Assuming that pOcap

2 is proportional to the erythrocyte flux and equal to 5.3kPa
when the capillary is not deformed (A0

cap), the following equation is obtained:

pOcap
2 =















5.3
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Acap

A0
cap

)2.5
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Acap

A0
cap

> 0.25

0 if
Acap

A0
cap

≤ 0.25

(2.5)

The second part of this equation accounts for the fact that despite their high
deformability, erythrocytes cannot pass through a capillary with a cross-section that
has fallen below a critical value (Potter and Groom, 1983; Xakellis et al., 1991), which
was set to 25% of the original capillary cross-section.
The oxygen pressures calculated with equation 2.5 were used as essential boundary
conditions to solve the steady state diffusion equation, with oxygen consumption in
the cells as a negative source term:

~∇ ·
(

D~∇P
)

−
VmP

Km + P
= 0 (2.6)

The first term represents the oxygen diffusion in the tissue, with D the oxygen
diffusion coefficient (2.41 · 10−3mm2s−1, Bentley et al. (1993)), ~∇ the gradient
operator, and P the partial oxygen pressure.
The second term describes oxygen consumption for which Michaelis-Menten kinetics
was assumed (Goldman and Popel, 2000; Lo et al., 2003), with Km the oxygen tension
at which the consumption rate is half maximum (0.25kPa, Honig and Gayeski (1982);
Richmond et al. (1999)), and Vm the maximum rate of oxygen consumption. The value
of Vm was chosen such (order of magnitude 102kPas−1) that the oxygen pressures in
the cells were at a physiological level.
Since it is known that the density of mitochondria is much higher directly beneath
the cell membrane than between the myofibrils in a skeletal muscle cell (Kunz, 2001;
Kuznetsov et al., 1998; Philippi and Sillau, 1994), the oxygen consumption in a
small layer under the sarcolemma was made higher than in the remainder of the cell.
This subsarcolemmal area is defined as the region within 1µm of the cell membrane
(Philippi and Sillau, 1994), where Vm was made 4 times higher than Vm in the rest
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of the cell, with Km equal in both cell regions. This ensures a more homogeneous
oxygen distribution within the cell.
Steady state is assumed because the characteristic diffusion time (in the order of
seconds) is much shorter than the characteristic time needed for a pressure ulcer to
develop (in the order of hours). When the diffusion model has been solved at the
predefined compression level, damage due to a lack of oxygen can be evaluated.

2.2.3 Damage

Up to a certain duration of ischaemia, the injury is reversible, but it will become
irreversible if the ischaemic period lasts too long. For skeletal muscle cells, it is known
that they have an ischaemic tolerance time of approximately 4 hours (Blaisdell, 2002).
It is assumed that cell damage (Dmcell) starts to accumulate when the partial oxygen
pressure falls below a threshold value of γ (0.13kPa to 0.32kPa, Guyton and Hall
(2000); Richmond et al. (1999)), according to the following equation:

Dmcell(t) =
scell

Acell

Nel
∑

e=1







Ae

∫

t

(

γ − Pe

γ

)

dt if Pe < γ

0 if Pe ≥ γ
(2.7)

The damage is calculated as an area-weighted average of the damage in the Nel
individual elements of the cell with partial oxygen pressure Pe and area Ae. Acell

is the area of the total cell, and t is the time in hours. When the accumulated
damage Dmcell exceeds 1, the cell dies. This definition of damage is based upon the
assumption that the oxygen need in a cell is proportional to its size, in agreement
with the size-dependent consumption of the cells in the present model.
The cell-specific sensitivity parameter scell is introduced because it is known that
some cells die after only 3 hours of ischaemia, while others can survive 5 hours of
complete ischaemia. Each cell in the mesh is assigned an scell between 1

6
and 1

3
,

corresponding to cell death after respectively 6 to 3 hours of complete ischaemia. The
distribution of these sensitivities is random, but the amount of cells with a particular
sensitivity corresponds to data from Labbe et al. (1987), i.e. 2 cells with scell = 1

6
, 9

with scell = 1

5
, 3 with scell = 1

4
and 2 with scell = 1

3
.

Cellular damage Dmcell is allowed to grow until it reaches the threshold for cell death
in one cell (or in more cells simultaneously). The mechanical properties of these dead
cells change, and they stop consuming oxygen. The deformation and diffusion state
are re-evaluated (without further compression), and thereafter damage continues to
grow.
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2.3 Results

2.3.1 Effect of cessation of oxygen consumption after cell

death

The mesh shown in figure 2.3 was subjected to unconfined compression until its height
was reduced with 22%, 20%, 18%, 16%, 14%, 12%, or 10%. In each of these deformed
states, hypoxic damage was assessed as a function of time. Two cases are considered
to see whether cessation of oxygen consumption in dead cells influences the course
of damage development. In case stopy, a cell stops consuming oxygen after it has
died, while in case stopn it continues consuming oxygen after death, a hypothetical
situation. In both cases, the mechanical properties of dead cells do not change.
A compression of only 10% was too small to produce any dead cells within 72 hours
in both cases. For larger deformations, the first cell of course dies at the same time
in both cases, but thereafter cell death is delayed or even prevented in case stopy

compared to case stopn (figure 2.4). The difference between the two cases becomes
larger after more cells have died (compare the different panels in figure 2.4), and it is
more pronounced at lower compression levels.
The time course of the partial oxygen pressures in a cell shows an increase after a cell
has died with which it shared one or more capillaries (data not shown).

2.3.2 Effect of decrease in stiffness after cell death

The effect of changing mechanical cell properties upon cell death was studied at
compression levels of 19%, 17%, 15%, 13%, 11% and 9% on a mesh with 4 cells. The
mechanical properties of a cell are either adapted after cell death (case propy), or
kept unchanged (case propn).
The results show that there is indeed a difference in damage accumulation between
cases propy and propn when the compression is more than 11% (figure 2.5). Smaller
deformations do not lead to more than 1 dead cell within the considered 72 hours.
For compression levels of 15% or higher, case propy delays cell death after the first 2
cells have died. However, at a compression of only 13%, only 2 cells die, and in case
propn this takes longer than in case propy.
Results on other meshes or with other distributions of the cell sensitivities are similar.
For smaller deformations or when only a few of the cells have died yet, case propn

can be somewhat more favourable than propy, but in the end, case propy turns out
more advantageous.
Studying capillary cross-sections in time reveals that the exact position of a capillary
determines whether its cross-section will become smaller or larger when a particular
cell becomes less stiff than before (data not shown).
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Figure 2.4: Compression versus time curves for hypoxic cell death in cases stopy

(consumption stops in dead cells) and stopn (dead cells continue to
consume oxygen): The graphs show from top to bottom the time it takes
for respectively 3, 11 and all of the cells to die at compression levels up
to 22%. In case stopy, cells die later than in case stopn. This effect is
more pronounced after more cells have died and at lower compression
levels.

2.4 Discussion

Two questions have been addressed regarding deformation-induced hypoxic damage
development in skeletal muscle tissue. The finite element model presented above was
used to evaluate the influence of both a cessation of consumption and a decrease in
cell stiffness after cell death on further damage development.
The results show a dramatic increase in cell death at large compressions, and a much
slower damage development for low compression levels. They also demonstrate that a
cessation of oxygen consumption after cell death is beneficial for the remaining cells,
since more oxygen becomes available for these cells. This effect gradually increases
with time, when more cells have died so the amount of extra oxygen available becomes
larger and larger. It is also more pronounced at lower compression levels, since in the
high compression states the oxygen supply to the tissue is so small due to almost
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Figure 2.5: Compression versus time curves for hypoxic cell death in cases propy

(mechanical properties change in dead cells) and propn (mechanical
properties do not change in dead cells): The graphs show from top
to bottom the time it takes for respectively 1, 2, 3 and all of the cells to
die at compression levels up to 19%. For high compression levels, cells
eventually die later in case propy than in case propn.

completely collapsed capillaries that a redistribution does not make much difference.
The second issue addressed in this paper was the influence of a change in mechanical
properties of a cell after it had died. We hypothesized that a cell becomes less stiff
when it dies under the assumption that it loses its structural integrity. This indeed
leads to changes in damage accumulation. For smaller deformations or only a few dead
cells, changed material properties are sometimes disadvantageous for tissue viability,
but when more cells have already died, weakening of dead cells delays further cell
death in comparison to the case where mechanical properties remain unchanged.

2.4.1 Model mechanics

The inhomogeneities introduced in the mesh by changing material properties of dead
cells led to distorted elements in large meshes. This prohibited the evaluation of
damage in these meshes at the large compression levels that are relevant for pressure
ulcer development, and forced the use of smaller meshes with less cells. Therefore, the
above discussed findings are only preliminary and the effect of changing properties
has to be tested further. However, the current results suggest that weakening of cells
initially leads to a redistribution of strains that compresses some capillaries more,
while others become a little bit less collapsed. The exact locations of capillaries and
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dead cells are both important determinants for damage propagation. After more cells
have died, most of the capillaries are more open than with the stiffer, viable cells.
This will then delay further cell deaths, making the weakening of dead cells protective
for other cells in the end.
The initial material properties used in the model are identical for both ecm and cells.
This choice has been made since the layer of ecm is so thin in reality that its properties
will hardly influence the overall mechanical properties.
The amount with which a cell’s stiffness is reduced after it has died is arbitrary, but
enough to show that remodeling indeed influences damage development in muscle
tissue. The assumption underlying this decrease in stiffness is that cell death is
accompanied by a rapid proteolysis of structural components, compromising the
structural integrity and decreasing cell stiffness. It has indeed been shown that
degradation of myofibrillar proteins can occur within 1 hour postinjury (Howl and
Publicover, 1989; Serbest et al., 2007).
Destruction of myofibrillar, cytoskeletal and membrane proteins could result from
proteases and phospholipases, activated by the rise in free intracellular calcium
associated with ischaemia (Fredsted et al., 2005; Tóth et al., 1998; Gutierrez and
Ownby, 2002). However, there are also reports stating that overall muscle stiffness
increases after prolonged compression (Gefen et al., 2005; Linder-Ganz and Gefen,
2004). A possible explanation for this observation is the formation of oedema after
load removal, which has been observed in earlier pressure ulcer research (Husain,
1953; Kosiak, 1961). Alternatively, an increase in intracellular calcium could lead to
contractions (Gutierrez and Ownby, 2002) and stiffening.
An increase in cell stiffness in the current model would probably lead to decreased
capillary cross-sections and hence accelerate damage development. However, the
locations of capillaries and dead cells in combination with the applied boundary
conditions would determine the exact damage development.

2.4.2 Oxygen transport

In the model presented in this paper, no up- or downstream effects of compression on
blood flow were taken into account, nor were autoregulatory mechanisms. The latter
include responses to metabolic alterations, which might be interesting to implement
in the future if metabolism would be more accurately modeled. Literature about
the compartment syndrome is concerned with the former effects (Reneman et al.,
1980; Mellander and Albert, 1994; Shrier and Magder, 1995), but extension to 3
dimensions would be necessary, and including the effects of increased tissue pressure on
different parts of the circulation would divert the model’s focus to these complicated
mechanisms. To explore concepts of damage development, 2 dimensions are thought
to be sufficient. For now, it was assumed that an external mechanical load simply
exerted its effect on perfusion via collapse of capillaries, which is often stated to be
one of the main causes of pressure ulcers (Kosiak, 1961; Nola and Vistnes, 1980; Bogie
et al., 1995; Thompson, 2005).
For the effect of the capillary collapse on the oxygen supply, a simplified description
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was used since the aim was to study the importance of hypoxic damage due to
ischaemia in the aetiology of deep pressure ulcers, and not to model the oxygen
transport on the microlevel of a muscle as realistically as possible.
Oxygen buffering and transport by myoglobin has also been left out of consideration.
Although this might influence the appearance of hypoxic tissue areas (Beard and
Bassingthwaighte, 2001; Ji et al., 2006), it will probably not alter the pattern of cell
death at different compression levels. It might explain the rather large value of the
maximum oxygen consumption compared to literature values (Goldman and Popel,
2000, 2001; Philippi and Sillau, 1994) that was necessary to get realistic tissue oxygen
pressures.

2.4.3 Damage

A lack of oxygen is the only factor contributing to cell injury in the present model,
although ischaemia can also lead to damage through acidosis, a lack of nutrient supply
or impaired removal of waste products. The cell death threshold in this study is
equal to the amount of damage accumulated after 3 to 6 hours of complete hypoxia,
corresponding to cell sensitivities of 1

3
to 1

6
respectively. The number of cells with

a certain sensitivity was chosen such that complete collapse of all the capillaries
led to approximately the same time course of cell death as did the study by Labbe
et al. (1987), who measured the amount of necrotic fibres due to complete ischaemia
in canine skeletal muscle. In the present damage calculations, the oxygen lack can
therefore be seen as a measure of the severity of ischaemia, and the damage as the
resulting ischaemic damage. The model is meant to study the consequences of muscle
tissue injury on further damage development rather than exactly predict the time of
tissue injury. Therefore, a simple linear fit to the data from Labbe et al. (1987) to
construct the damage law was thought to be sufficient.
It was further assumed that oxygen consumption was unaffected until a cell
died. Ischaemia is known to induce mitochondrial permeability transition pore
opening mediated by a calcium overload. This leads to uncoupling of oxidative
phosphorylation and ATP-production (Crompton, 2000; Buck and Pamenter, 2006),
which could influence oxygen consumption in affected cells and thereby damage
propagation in the tissue. It is mostly studied however with respect to ischemic
preconditioning, as it would make the tissue less sensitive to a next ischaemic insult
(Minners et al., 2001; Sack, 2006).
Evaluation of damage in the present model does not include recovery, while it is
known that ischaemic damage to skeletal muscle cells can be reversed if reperfusion
starts in time (Blaisdell, 2002; Stekelenburg et al., 2007). It is also known however
that reperfusion can deteriorate the damage (Chan et al., 2004; Logue et al., 2005),
which is very interesting in view of the advised shifting of position every few hours to
prevent pressure ulcers.
The introduction of two regions in the cell with different oxygen consumption rates
to account for the inhomogeneous mitochondrial distribution in the cell led to a more
homogeneous oxygen distribution within the cells. This more realistic situation proved
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to be beneficial during the simulated ischaemia, i.e. damage was delayed.
Although the compression versus time curves from the model resemble those found in
the literature (Reswick and Rogers, 1976; Sacks, 1989; Kosiak, 1959), they are shifted
somewhat to the right. This means that the model predicts that damage occurs after
longer periods of deformation than indicated by the experimental curves in literature.
This is easily explained by the fact that skeletal muscle cells can tolerate ischaemia
for approximately 4 hours (Blaisdell, 2002), so there will not be much ischaemic cell
death after less than 4 hours of mechanical loading. This indicates that there has to
be something more, e.g. that compression makes cells more sensitive for ischaemia-
induced damage, or that compression in itself is harmful for cells. This is supported by
animal studies by Stekelenburg et al. (2007). In future research, we will incorporate
hypothetical damage-producing mechanisms for these ideas to try to elucidate the
pathway through which cell deformation and ischaemia cooperate to produce damage.
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3.1 Introduction

Pressure ulcers are localized areas of degenerated soft tissue that develop due to
prolonged mechanical loading. These ulcers can either originate in the skin surface,
or within the deeper muscle layers adjacent to bony prominences. The latter so called
deep pressure ulcers, involve deep tissue injury under an intact skin (Donnelly, 2005).
The precise damage mechanisms responsible for the development of these wounds are
still unclear. Deformation-induced blood vessel collapse resulting in ischaemia may
cause damage (Daniel et al., 1981; Dinsdale, 1974; Kosiak, 1961), and reperfusion upon
tissue unloading can also be harmful (Appell et al., 1999; Blaisdell, 2002). Fridén et al.

(1994) and Stekelenburg et al. (2007) showed that compression and ischaemia together
have a more damaging effect on muscle tissue than ischaemia alone.
Experiments on single cells by Bouten et al. (2001) and on tissue-engineered muscle
constructs by Breuls et al. (2003a) demonstrated that deformation itself affects
cell viability. Gawlitta et al. (2007b) investigated the separate contributions of
deformation and different aspects of ischaemia to damage in an in vitro set-up. They
found that deformation was, in the short term, more damaging to the cells than
hypoxia. In addition, Stekelenburg et al. (2007) showed that regions of damage in
muscle tissues in an animal model corresponded to areas of maximum shear strain
in indentation tests. These findings all indicate that tissue deformation per se leads
to damage, and hence may be an important factor in damage development in deep
pressure ulcers.

However, the temporal pathway from muscle deformation to gross tissue damage
still remains unclear. It might be suggested that elevated intracellular Ca2+ levels
are involved in the initiation of deep pressure ulcers, in a similar manner to that
in skeletal muscle damage. Indeed, in eccentric contraction-induced injury, it
is believed that membrane stretch leads to an increased membrane permeability,
permitting an influx of Ca2+ ions (Allen et al., 2005; Proske and Morgan, 2001).
The mechanical destruction of muscle plasma membrane, and the passive stretching
of muscle cells induced similar increases in intracellular Ca2+ (Kerkweg and De Groot,
2005; Armstrong et al., 1993; Ruwhof et al., 2001; Liao et al., 2003).
The similarity in histological damage patterns from muscle indentation experiments
on rats (Stekelenburg et al., 2006a) and eccentric exercise-induced damage (Fridén and
Lieber, 1998), further supports the idea of stretch-induced Ca2+-influx and subsequent
fibre injury in pressure-induced skeletal muscle injury.
Furthermore, it is known that degrees of hypoxia and ischaemia induce an increase
in intracellular Ca2+ in their damage pathways (Fredsted et al., 2005; Moens
et al., 2005). Moens et al. (2005) proposed that the ischaemic Ca2+ increase for
cardiomyocytes involved a disturbed ion homeostasis starting with acidosis due to
anaerobic metabolism. Tupling et al. (2001) found that during complete ischaemia,
the cytosolic Ca2+ concentration was increased and ATP was depleted, probably
impairing clearance of Ca2+ from the cytosol by Ca2+-ATPases. Fredsted et al.

(2005) found that the increased Ca2+ content induced by anoxia was associated with
a loss of membrane integrity, further increasing Ca2+-influx.
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An elevated intracellular calcium concentration activates calpains and phospholipase
A2, and influences mitochondrial functioning, all deleterious effects (Gissel, 2005). It
could also lead to hypercontraction, potentially inducing further mechanical damage
(Gutierrez and Ownby, 2002).
The present study tests the hypothesis that deformation leads to an increased Ca2+-
influx in a similar manner to ischaemia, although the specific mechanisms may be
uncoupled. The cellular homeostatic processes are eventually compromised beyond
which a cascade of events will lead to cell death.
To test the hypothesis, the following questions were addressed in the present study.
Is cell death due to compression indeed preceded by an increase in intracellular
Ca2+ concentration? Is there a certain compression threshold for mechanical cell
damage? In order to examine this hypothesis, a well-defined in vitro muscle cell model
subjected to deformation was stained with both a Ca2+-sensitive dye and an indicator
of cell necrosis. Fluorescence of these dyes was monitored while single myotubes were
compressed to reveal the Ca2+ dynamics in response to cell compression.

3.2 Materials & Methods

3.2.1 Cell culture

C2C12 murine skeletal myoblasts (ECACC, Salisbury, UK) were cultured in growth
medium (GM) in an incubator at 37oC and 5% CO2. GM consisted of 500ml DMEM
high glucose with L-glutamine (Gibco, The Netherlands), 15% FBS, 2% HEPES, 1%
non-essential amino acids and 0.5% gentamicin (all from Biochrom AG, Germany).
Between passages 13 and 17, cells were harvested and seeded in monolayers on gelatin-
coated cover glasses placed in 6-well plates at a density of 75,000 to 100,000 cells/well.
After 2 days, they were differentiated into myotubes with differentiation medium
(DM) having the same formulation as GM, except that FBS was replaced by 2%
horse serum (Biochrom AG).
Compression experiments were performed on differentiation day 4, a time at which
myotubes were shown to be optimal in a pilot study.

3.2.2 Staining

The monolayers were stained with cell-permeant fluo-4 AM (F14201, Molecular
Probes) to visualize cytosolic Ca2+ (Liao et al., 2003; Gee et al., 2000), and cell
tracker orange CMTMR (CTO, C2927, Molecular Probes) to visualize the cells. Fluo-
4 was dissolved in DMSO to a concentration of 1mM, and subsequently diluted in
DMEM to a final concentration of 10µM. This was supplemented with 5µM CTO,
and cells were incubated for 25 minutes. Thereafter, they were washed twice with
DMEM and then incubated a further 15 minutes to ensure complete cleavage of fluo-4
by intracellular esterases to release the Ca2+-sensitive probe. This was performed in
DM, supplemented with 10µM propidium iodide (PI, P3566, Molecular Probes) to
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monitor necrosis (Gawlitta et al., 2004). Thereafter, the monolayer was transferred
to the experimental set-up with 1ml DM and a covering layer of mineral oil to prevent
medium evaporation.

3.2.3 Mechanical deformation

A custom-built cell compression device for unconfined compression of single attached
cells designed in the host laboratory was employed (Peeters et al., 2003). It consists of
a stainless steel frame resting on a motorized stage of an inverted microscope. A cover
glass with cells was inserted in a polycarbonate cell chamber, where temperature and
CO2 were controlled. Cells were compressed using a glass indenter having a flat surface
with a diameter of 50µm. This indenter can be moved with three micromanipulators
within a range of 15mm at minimum increments of 50nm. Fine-positioning was
achieved with piezo-actuators within a range of 100µm with a resolution of 5nm.
Using a 40x magnification objective (Plan-Apochromat 40x/0.95 corr), one or two
myotubes were selected for compression. The thickness of these myotubes was
determined from a stack of confocal images of the CTO-stained myotube. From a
stack of line scans, the height of the indenter above the cover glass could be estimated.
The indenter was then moved using the micromanipulators to within 10µm of the top
of the myotube to be compressed. Then the piezo-actuators were used to apply
deformation in increments of 1µm. After the loading experiment, the indenter was
further moved downwards in increments of 1µm until slight contact was made with
the cover glass, indicated by the force transducer. This determined the height of the
indenter more accurately and enabled an estimation of the applied compression levels.
Two different compression regimes were used. In the first set of experiments,
increments of 1µm compression were applied until necrosis of the compressed myotube
(series a), a process associated with an extended scanning period. By contrast, in
the second set of experiments, larger increments of 2 to 3µm were applied (series
b). Control experiments were conducted in an identical experimental set-up in the
absence of compression (series c). An overview of the experiments that have been
performed is given in table 3.1.

3.2.4 Data acquisition and analysis

The intensities of fluo-4, CTO and PI fluorescence were monitored on an inverted
microscope (Axiovert 100M, Zeiss, Germany) with a confocal laser scanning unit
(LSM 510, Zeiss, Germany) using a 40x magnification objective. The three probes
were excited with a 25mW Argon laser at 488nm. For detection of fluo-4 fluorescence,
emission was recorded between 505 and 530nm. Both CTO and PI fluorescence
emission was measured above 585nm. PI could be distinguished from CTO because
the former predominantly stains the nuclei, and this fluorescence was much more
intense than CTO fluorescence.
Time series consisted of images with a field of view of 230.3x230.3µm2 (512x512



Changes in intracellular calcium during compression of C2C12 myotubes 29

Table 3.1: Overview of experiments

series exp # cells t (inc-scan) (min) final deformation (%)

a

1 1 / 3 150 55
2 2 / 3 360 70/63*
3 1 / 5 150 55
4 1 / 2 420 54
5 2 / 4 90 54

b

6 1 / 5 120 78
7 1 / 6 120 71
8 2 / 9 50 50

c

9 0 / 12 105 0
10 0 / 10 60 0

∗ The variation in compression levels can be attributed to the differences in height between
the 2 cells.
# cells: number of compressed cells / total number of monitored cells.
t (inc-scan): time between fluo-4 incubation and scanning.

pixels), a scanning time of 1 second and with no delay between two consecutive
images.
Data were analyzed using Matlab (The Mathworks, Inc.). Each compressed myotube
was divided into several regions of interest (ROIs), corresponding to sections of the
myotube that were either directly subjected to compression or not (figure 3.1). Other
myotubes, which remained uncompressed, acted as controls. In the regions of interest,
intensities of the red (CTO and PI) and green (fluo-4) channels were normalized to
their respective intensities in the first frame. Only relative changes in fluo-4 intensity
were studied since fluo-4 is not a ratiometric dye. This means that Ca2+-independent
spatial and temporal variations in intensity are superimposed on Ca2+-dependent
changes, which makes accurate calibration hardly feasible (Gee et al., 2000).

3.3 Results

Three aspects of the fluo-4 intensity were studied, i.e. baseline intensity, transients
and up-regulations upon cell death. There was no systematic pattern in baseline
intensity either before or during compression. Indeed, cells exhibited either no change,
a decrease or an increase in fluo-4 intensity. At cell death however, a prolonged up-
regulation was evident, lasting tens of seconds. Elevations in intracellular Ca2+ prior
to cell death were much shorter, and they wil be termed transients (figure 3.2(a) to
3.2(c)). The frequency and amplitude of these transients varied from oscillating, high
amplitude transients to isolated, low-amplitude transients. The difference between up-
regulations and transients is illustrated in figure 3.3(a), showing transients occurring
superimposed on a prolonged up-regulation of fluo-4 intensity.
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Figure 3.1: CTO image with selected regions of interest: The white circle indicates
the position of the indenter, solid white lines indicate ROIs under the
indenter, ROIs surrounded by dashed white lines are parts of compressed
tubes that are not under the indenter, and grey lines outline tubes that
are not compressed. (scale bar 50µm)

3.3.1 Oscillatory fluo-4 transients

In all the experiments where the time between incubation of fluo-4 and scanning
time series was less than or equal to 2 hours, at least one cell exhibited a strongly
fluctuating fluo-4 intensity. The oscillations were observed in both myoblasts and
fused cells with more than one nucleus, although never in cells under compression.
All increases in fluo-4 intensity occurred throughout the whole cell, although, in some
cases, they started at one end of the cell and then traveled to the other end, as
illustrated in figure 3.2(d).
The frequency of the transients varied from only 1 or 2 transients per hour to 2 to 3
transients per minute. Individual transients lasted up to a few seconds (figure 3.2(b)).
The peak intensity of the transients varied between 1.5 and 3 times the base intensity
but in most cases the amplitude gradually declined and the oscillations stopped after
20 to 50 minutes (figure 3.2(a)).

3.3.2 Fluo-4 transients during compression

Based on the response during compression, cells were divided into 2 categories. One
category included cells in which the fluo-4 intensity increased with an increment of
compression, while the other category included cells that did not respond to the
increments. Their different features are illustrated in figure 3.3(b). In both categories,
however, a wide up-regulation of fluo-4 intensity accompanied the influx of PI. Of the
11 cells that were compressed, 5 could be characterized in category 1 (2 from series a

and 3 from series b) and 6 in category 2 (5 from series a and 1 from series b).
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Figure 3.2: (a-b) Temporal profiles of fluo-4 intensity, exhibiting oscillations with
a decreasing amplitude at two different time scales. All data points
are 1 second apart. (c) Two consecutive fluo-4 images showing a clear
increase in fluo-4 intensity. (scale bars 50µm) (d) Three consecutive
fluo-4 images demonstrating that transients may start at one end of the
myotube (left arrow) and then travel to the other end (right arrow).
(scale bars 50µm)
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Figure 3.3: (a) Prolonged fluo-4 up-regulation and transients: An up-regulation in
fluo-4 intensity, lasting for more than 1min, is superimposed by fluo-4
transients, lasting only a few seconds. (b) Schematic representation of
fluo-4 and PI intensities in 2 categories: In category 1 (cat1), fluo-4
intensity shows transients after an increment in compression (vertical
dotted lines), and a wide up-regulation when PI enters the cell. In
category 2 (cat2), fluo-4 intensity peaks when PI enters the cell, but
there is no response to previous compression increments.

Category 1: Compression-induced fluo-4 transients

In category 1, the fluo-4 intensity showed a transient shortly after an increment
in compression. It is evident from the individual cell profiles in figure 3.4 that
transients started to occur at a compression level of approximately 30%. In most
of the experiments there were also transients before compression started, and in some
there were transients during compression that were not directly associated with an
increment in compression.

Category 2: Unresponsive fluo-4 intensity

Cells in category 2 did not show transients clearly associated with compression
increments (figure 3.5). Some of these cells seemed very quiescent, exhibiting either
no fluo-4 transients or only a few at low amplitude. Other cells did exhibit distinct
fluo-4 transients, although not associated with a change in compression level.

3.3.3 Fluo-4 up-regulations at cell death

When PI entered the nuclei, reflecting a necrotic state, fluo-4 intensity was up-
regulated for an extended period. The profile was characterized by a steep rise and a
much slower decline, amounting to a total duration of the up-regulation of the order
of tens of seconds. Ten of the 11 cells that died exhibited this behavior although not
necessarily in ROIs directly under the indenter. In all cases, the PI-influx occurred
within 2 minutes of the onset of the Ca2+-influx.
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Figure 3.4: Category 1: Temporal profiles of fluo-4 intensities (left y-axes)
and compression levels (right y-axes) in compressed myotubes from
experiments 1 (a), 3 (b), 6 (c), 7 (d) and 8 (e): This category is
characterized by fluo-4 transients closely associated with increments
in compression (indicated by vertical dotted lines). Wide fluo-4 up-
regulations are visible when the cells die (indicated with a cross). Note
that scales differ.

In 80% of cases, these fluo-4 up-regulations were accompanied by increases in fluo-
4 intensity in at least one of the surrounding cells. Figure 3.6 depicts the temporal
profiles of fluo-4 intensity in all selected cells of experiment 8 as an example. However,
not all the surrounding cells always participated in this intercellular Ca2+ wave, and
the nature of this Ca2+ activity could not be correlated with either the distance from
the compressed cell or the pattern of previous Ca2+ fluxes. The delay between the
up-regulations in the dying cells and those in the surrounding cells was generally less
than 15s. There were no recurrent differences in either amplitude or duration between
the up-regulations in the dying cells and those in the surrounding cells.

3.4 Discussion

In recent years, skeletal muscle cell damage directly due to tissue deformation has
gained interest in the study of deep pressure ulcer aetiology. Mechanically induced
skeletal muscle damage has often been associated with increased intracellular Ca2+
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Figure 3.5: Category 2: Temporal profiles of fluo-4 intensities (left y-axes)
and compression levels (right y-axes) in compressed myotubes from
experiments 2 (a+b), 4 (c), 5 (d+e), and 8 (f): This category is
characterized by a lack of response of the fluo-4 intensity to changes
in compression (indicated by vertical dotted lines). Wide fluo-4 up-
regulations are visible when the cells die (indicated with a cross). Note
that scales differ.

concentrations (Allen et al., 2005; Proske and Morgan, 2001; Kerkweg and De Groot,
2005; Armstrong et al., 1993; Ruwhof et al., 2001; Liao et al., 2003). For example
in Duchenne muscular dystrophy, muscle contraction leads to frequent occurrence
of membrane disruptions. The resulting increased Ca2+-influx gradually becomes
lethally high (Alderton and Steinhardt, 2000; McNeil and Steinhardt, 1997; Deconinck
and Dan, 2007).
In the present study, it was hypothesized that mechanical deformation makes the cell
membrane more permeable, resulting in a Ca2+-influx. The cell might accommodate
for this influx by activating associated ion pumps to remove the Ca2+ ions from the
cell or, at least, remove them to the sarcoplasmic reticulum. It might also be proposed
that at some time point saturation of these mechanisms would result in Ca2+ overload.
It is known that high Ca2+ concentrations activate calpains and phospholipase A2,
and influence mitochondrial functioning, increasing the production of reactive oxygen
species (Gissel, 2005). These effects make a Ca2+ overload a potentially harmful
condition.
However, the current data does not support the hypothesis. Indeed, increments of
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Figure 3.6: Temporal profiles of fluo-4 intensity in 9 tubes that were selected in
experiment 8: When the cell represented by the lowest trace died
(indicated by the vertical dashed line), the fluo-4 up-regulation in this
cell is accompanied by fluo-4 up-regulations in all other cells. There is
a small delay between the up-regulation in the dying cell and the other
cells, and a longer rise time in the latter.

compression induced short Ca2+ transients in approximately half of the cells, while
no response was observed in the other cells. In all cells, cell death was accompanied
by a wide fluo-4 up-regulation, which often induced up-regulations in surrounding,
viable cells.

Differentiated C2C12 cells in monolayers were used for the compression experiments.
Monolayers were used instead of more realistic 3D bio-artificial muscle constructs
(Gawlitta et al., 2007a) because precise levels of cell compression are difficult to
determine and control within the 3D gel constructs. The incremental increase
in compression used in the current study allows the possibility of determining a
compression threshold for cell damage. A small deformation may only lead to
adaptations in the C2C12 differentiation process (Rauch and Loughna, 2006), and
the extent of stretch can influence the Ca2+ accumulation (Ruwhof et al., 2001).
Liao et al. (2003) incubated rat neonatal cardiomyocytes with fluo-4, and subjected
them to 90 minutes of 20% passive stretch. This elicited high amplitude transients
that disappeared during the first 10 minutes of stretch, and a stable elevation of
intracellular Ca2+ that persisted. After 4 hours of 20% stretch, the number of
apoptotic cells had significantly increased compared to the control situation. However,
blocking of the stretch-induced Ca2+ elevation prevented apoptosis. A prolonged
increase in intracellular Ca2+ was not observed in the current study. This might be
due to a difference in response between cardiomyocytes and skeletal myocytes.
Hence, no damage threshold could be defined that marks the transition to gradual
damage accumulation due to compression. Instead, the occurrence of fluo-4 transients
could be used to determine a damage threshold. Cells that exhibited a transient in
response to a compression increment, did this only when the compression level was
at least 30%. At the point of cell death, there was always a wide Ca2+ up-regulation,
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inducing Ca2+ up-regulations in some of the surrounding cells as well. Considering
the short time between this Ca2+-influx and the PI-influx (figure 3.6), and the similar
Ca2+ up-regulations in surviving cells, it is unlikely that this Ca2+-influx is the cause
of cell death.
The spread of the wide up-regulations before cell death was also seen by Kerkweg
and De Groot (2005) when they lethally destroyed the cell membrane of one myotube
in a monolayer. Indeed this mechanically elicited intercellular Ca2+ wave is a well-
known phenomenon in a variety of cells (Young et al., 2002; Suadicani et al., 2000;
Grandolfo et al., 1998; Arcuino et al., 2002). For example, in C2C12 murine skeletal
muscle cells in a monolayer, its propagation results from liberation of ATP from the
mechanically injured cell (Kerkweg and De Groot, 2005). However, what exactly
initiates the release of ATP is unclear. It would be interesting to examine what the
initiator of the Ca2+ wave is, and what inhibition of this pathway would do to the
cells that are involved.

Not all cells in the proximity of the compressed cells participated in the intercellular
Ca2+ wave. Distance from the stimulated cell or previous Ca2+ dynamics cannot
explain this. Differences in differentiation state of the cells might play a role. Lorenzon
et al. (1997) characterized Ca2+ transients in C2C12 cells during their differentiation.
Both mononucleated cells and myotubes displayed relatively long Ca2+ transients
of a few seconds, starting from day 3 in differentiation medium. On differentiation
day 4, global spikes started to occur in a small proportion of cells (Lorenzon et al.,
1997). These spikes occur in bursts of up to tens of minutes with varying frequency,
interspersed with inactive periods as long as tens of minutes, a pattern that resembles
the pattern of the oscillations in the present study. Differences in the occurrence of
transients may be due to different developmental stages of the cells. Cseri et al. (2002)
observed that amplitude and kinetics of ATP-evoked Ca2+ transients also depended on
the stage of development of the myotubes. Heterogeneity of the cell population might
thus explain the observed behavior (Pingguan-Murphy et al., 2005). In addition, the
time between fluo-4 incubation and scanning (Knight et al., 2003), and fatigue of
Ca2+ receptors (Allen and Westerblad, 2001) could be important.

In summary, passive deformation of differentiated C2C12 murine skeletal muscle cells
caused brief Ca2+ transients in approximately half of the cells, and no response in
the other half. This difference might be explained by population heterogeneity, which
might also be important in the development of tissue damage. Eventually cells became
necrotic, which was accompanied by an increase in intracellular Ca2+. The wide
Ca2+ up-regulations in these dying cells induced similar up-regulations in some of the
surrounding, viable cells. Ca2+ chelators, Ca2+ channel blockers and differentiation
markers might reveal some differences between cells. They might also clarify whether
Ca2+ transients and up-regulations are a prerequisite of cell death or just a side effect
of cell degeneration.
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4.1 Introduction

Pressure ulcers may develop when tissue is subjected to prolonged periods of
compression. They can start either in the skin from where they may progress towards
deeper tissue layers, or in skeletal muscle tissue. The latter type of pressure ulcer is
called pressure-related deep tissue injury, which is characterized by an intact layer of
skin at its early stages. This makes early detection difficult. If such deep tissue injury
progresses, it becomes a deep wound that does not easily heal.

For early detection, it is important to understand damage initiation in skeletal
muscle tissue. It is well-known that ischaemia adversely affects tissue viability, and it
is widely accepted that this is one of the causative factors of pressure ulcers (Daniel
et al., 1981; Kosiak, 1959). However, there are other factors that may cause damage,
such as impaired lymphatic drainage (Reddy and Patel, 1995), reperfusion injury
(Blaisdell, 2002; Grisotto et al., 2000) and cellular deformation (Bouten et al., 2001;
Breuls et al., 2003a; Stekelenburg et al., 2007; Gawlitta et al., 2007a). The result
is disturbed homeostasis in the tissue, probably involving nutrients, oxygen, waste
products, ions and fluid transport, which may culminate in a pressure ulcer.

Gawlitta et al. (2007b) attempted to unravel the effects of ischaemia and tissue
compression on tissue viability in an in vitro set-up. Tissue-engineered murine
muscle constructs were subjected to several different conditions associated with
ischaemia, as well as external compression, both separately and combined. Cell death
was indirectly measured by means of the concentration of lactate dehydrogenase
(LDH) in the medium, which is released when the cell membrane integrity is
compromised. Compression did not lead to increased LDH concentrations, apparently
in contradiction with earlier studies that did show cell death due to compression
(Gawlitta et al., 2007a; Breuls et al., 2003a; Bouten et al., 2001; Wang et al., 2005).
Results were however difficult to interpret due to the nature of the adopted method.
Changes within the tissue construct were assessed by measurement of concentrations
of certain biomolecules within the surrounding medium. This implies that there may
be a delay before changes in the construct are reflected in the measurements, due
to diffusion. Compression may further complicate interpretation of measurements
because it will decrease diffusivity of large molecules such as LDH (Gefen et al.,
2007).
Another factor that may influence the measurements, is mixing of the medium.
Although no active mixing was included in the protocol of the experimental study
(Gawlitta et al., 2007b), it was inevitable that some mixing would occur when the
medium samples were taken.

Theoretical modeling of diffusion, cell consumption and production dynamics
may improve the understanding of the experimental results. Apart from the direct
application to the experiments from Gawlitta et al. (2007b), such modeling could be
useful for a wide range of tissue-engineering studies in which indirect measurement
methods are used or in which transport of critical nutrients may be a limiting factor
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in tissue development (Sengers et al., 2005; Brown et al., 2007).
The following questions are addressed in the present study: Can compression-induced
impaired diffusion of LDH explain the lack of observed effect of compression on
tissue viability? Are there any interactions between ischaemia and deformation in
terms of tissue injury? Does mixing influence the temporal profiles of the selected
biomolecules?

4.2 Methods

4.2.1 Experiments

The experiments by Gawlitta et al. are described elsewhere (Gawlitta et al., 2007b).
To review briefly, tissue-engineered 3D muscle constructs were created by suspension
of approximately 4 · 106 C2C12 murine skeletal myoblasts (ECACC, Salisbury, UK)
per ml of a collagen/matrigel mixture, which was then molded between two anchoring
points in 6-well plates. After 24 hours, the growth medium was replaced by
differentiation medium to induce the formation of multinucleated myotubes that were
aligned between the anchoring points. After a 7-9 day culture period, the tissue-
engineered constructs were suitable for subsequent experimentation.

The constructs were subjected to several aspects of ischaemia and compression
during a period of 5 days without medium refreshment. Impaired nutrient supply
during ischaemia was represented by glucose deprivation and hypoxia. Glucose
deprivation was accelerated by replacement of high-glucose medium (4.5g/l) with
low-glucose medium (1g/l). Hypoxia was imposed by incubation in an air-tight box
which was continuously flushed with a 95% N2 and 5% CO2 gas mixture.
Another consequence of ischaemia is deficient waste product removal, resulting in
lactate accumulation. Although a lack of medium refreshment would eventually result
in lactate accumulation, the process was accelerated from the start by adding specific
amounts of lactic acid to the culture medium to reduce the pH from 7.4 to 6.5, 6.0
and 5.3 at day 0.
Compression was applied via a weight with spacers underneath to ensure an average
of 34% ± 8% reduction in the height of the central part of the construct.

Every day, a small medium sample was withdrawn to measure glucose, lactate and
lactate dehydrogenase (LDH) concentrations. The latter was used as an indicator of
tissue viability because it leaks out of cells when their membrane integrity has been
compromised. At the end of the 5-day period, an MTT-assay was performed to assess
metabolic activity in the muscle construct.

Gawlitta et al. (2007b) performed two sets of experiments, each with its own
control group. The first set comprised a glucose deprivation group, three lactic
acidification groups (pH 6.5, 6.0 and 5.3) and three groups where lactic acidification
(pH 6.5) was combined with either hypoxia or compression or both. The second
set contained one group subjected to hypoxia, one to compression and one group
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subjected to hypoxia and compression.

4.2.2 Model geometry

The wells used to culture skeletal muscle constructs had a surface area of
approximately 10cm2 (radius 17mm) and contained approximately 2.5ml medium
(Gawlitta et al., 2007b). The muscle constructs were approximately 2mm wide,
0.5mm thick, and 10mm long. Since the length of the constructs was much larger
than their width, a 2D cross-section was chosen as model geometry (figure 4.1).

Figure 4.1: Model geometry in the absence (left) and in the presence of compression
(right). The dashed line is the symmetry line.

For the deformation experiments, the geometry was changed by reducing the height
of the construct by 40%, accompanied by an increase of 40% in width (right panel
in figure 4.1). The total area of medium was kept constant. It should also be noted
that a 2D model system was required as the weight on top of the muscle construct
blocked diffusion in that direction compared to the control situation.

4.2.3 Model equations

A 2D finite element code for diffusion, consumption and production was written in
Matlab (The Mathworks, Inc.) with the concentrations of glucose (CGL), lactate
(CLA) and lactate dehydrogenase (CLDH) as degrees of freedom (see appendix).
Equations 4.1 to 4.3 describe the relations that were assumed in the model:

∂CGL

∂t
= DGL∇

2CGL − (ℓ6 − C̄LDH)(1 − fLACLA)
VmCGL

Km + CGL
(4.1)

The change in glucose concentration with time (t) depends on diffusion (DGL is
the glucose diffusion coefficient) and consumption. For the latter, Michaelis-Menten
kinetics were assumed with Vm the maximum glucose consumption rate and Km the
glucose concentration at half maximum consumption rate.
The amount of dead cells was assumed to be directly related to the total amount
of LDH that has leaked out of the cells, represented by C̄LDH , which is the average
LDH concentration in medium and construct at time t. Parameter ℓ6 is the average
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LDH concentration when all cells are dead, which is estimated on the basis of the
experimental LDH data. Thus the term ℓ6 − C̄LDH accounts for the decrease in the
amount of viable cells that consume glucose.
The term (1 − fLACLA) represents the inhibiting effect of lactate accumulation on
glucose metabolism, as was observed in the experiments (Gawlitta et al., 2007b).
The change in lactate concentration with time was modeled with a diffusion term
(DLA is the lactate diffusion coefficient) and a production term (second term), namely:

∂CLA

∂t
= DLA∇

2CLA + f LA

GL

(ℓ6 − C̄LDH)(1 − fLACLA)
VmCGL

Km + CGL
(4.2)

Lactate production is directly coupled to glucose consumption, with factor f LA

GL

defining the ratio between these two metabolic processes.
Equation 4.3 describes the LDH concentration with time, which increases due to LDH
leakage from dead cells in the construct:

∂CLDH

∂t
= DLDH∇2CLDH + ℓ1 + ℓ2(ℓ3 −

∂CGL

∂t
) + ℓ4(CLA − ℓ5) (4.3)

The increase in LDH in control experiments of Gawlitta et al. (2007b) was largely
attributed to a basal cell death rate, accounted for by ℓ1.
Experiments with high- and low-glucose medium suggested that decreased glucose
availability induced LDH release. The equation assumes that viability was determined
by the rate of the glucose concentration change as opposed to the absolute
concentration. Thus, the term ℓ2(ℓ3 − ∂CGL

∂t ) increased LDH release when the
availability became too low. When glucose availability was still high enough according
to the threshold value ℓ3, this term was set to zero.
Furthermore, the presence of lactate and the accompanying acidification are known
to be harmful, as depicted in the term ℓ4(CLA − ℓ5), which accounts for the release of
LDH when the local lactate concentration is higher than ℓ5. For lactate concentrations
below ℓ5, this term was set to zero.

In the above equations, DGL, DLA and DLDH are the diffusion coefficients of
glucose, lactate and LDH, respectively. The diffusion coefficients in the constructs
were estimated based on the Mackie and Meares relation (Maroudas, 1975):
Dconstruct/Dwater = (nf )2/(2 − nf )2. With an estimated fluid fraction nf of 95%,
Dconstruct/Dwater = 0.82, which falls within the range Gefen et al. (2007) measured
for diffusion coefficients in tissue-engineered muscle constructs. Compression was
assumed to lead to a 50% reduction in DLDH , as has been measured by Gefen et al.

(2007) for molecules of comparable size. Glucose (∼180Da) and lactate (∼90Da)
are much smaller than LDH (∼140.000Da) and their diffusion was assumed to be
unaffected by compression. Table 4.1 lists the values of the diffusion coefficients used
for both the medium and the construct.

Production and consumption terms are only appropriate in the construct, while in
the medium only the diffusion term is employed. Natural boundary conditions were
imposed on all outer boundaries to describe that they were impenetrable (flux = 0).
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Table 4.1: Diffusion coefficients

Dmedium[10−4mm2/s] Dconstruct[10−4mm2/s]
no compression compression

GL 9.0 (Allhands et al., 1983) 7.4 7.4
LA 14 (Holm et al., 1981) 11 11
LDH 0.4 (Gefen et al., 2007) 0.33 0.16

The flux was also zero across the symmetry-axis. Day 0 concentrations from Gawlitta
et al. (2007b) were applied as initial conditions.
For a comparison between simulated and experimental medium concentrations,
the simulated concentrations in the medium were spatially averaged to obtain a
representative value.

4.3 Results

The results from both experimental sets that involved the effect of ischaemia alone,
were used to find a set of parameters that fitted all situations. However, there were
large differences between the control groups of the two data sets for each of the
metabolite concentrations, as illustrated in figure 4.2. Thus, two different parameter
sets were identified and subsequently used to analyse the experiments which examined
the combined effects of ischaemia and compression. Table 4.2 gives an overview of
the experimental groups in the following paragraphs.
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Figure 4.2: Glucose (GL), lactate (LA) and LDH concentrations with time for
control groups from experimental sets 1 and 2.

4.3.1 Separate effects of glucose deprivation and lactic

acidification

First, the experimental groups from set 1 that examined the effects of either glucose
deprivation or lactic acidification were fitted. They were used to find a set of
parameters (table 4.3) that could subsequently be used to study the combined effects
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Table 4.2: Overview of experiments

experimental group paragraph

set 1

control / high glucose / pH 7.4 4.3.1, 4.3.3
low glucose 4.3.1
pH 6.5 4.3.1
pH 6.0 4.3.1
pH 5.3 4.3.1
pH 6.5 deformation 4.3.3
pH 6.5 hypoxia 4.3.3
pH 6.5 deformation+hypoxia 4.3.3

set 2

control 4.3.2, 4.3.4
deformation 4.3.2, 4.3.4
hypoxia 4.3.2
deformation+hypoxia 4.3.2

Table 4.3: Parameter set 1

ℓ1 (mM/day) ℓ2 (-) ℓ3 (mM/day) ℓ4 (/day) ℓ5 (mM) ℓ6 (mM)

4.0 −1.0 · 103 −6.5 · 10−2 1.5 20 0.90

Vm (mM/day) Km (mM) fLA (/mM) f LA

GL

(/mM)

3.0 · 103 0.50 0.36 1.2

of lactic acidification with deformation, hypoxia or both (paragraph 4.3.3).
Figure 4.3 shows the numerical fit to the glucose deprivation (low glucose) and control
experiments (high glucose). The glucose and lactate concentrations are predicted well
by the model, except for an under-prediction of the lactate concentrations at days 1-3
of the low-glucose experiment.
The third panel in figure 4.3 shows the experimental and numerical LDH
concentrations. In the control group, LDH increased both due to the basal cell death
rate and due to lactate accumulation, which explains the nonlinear nature of the
curve. The sharp increase in LDH in the low-glucose group is caused by the low
glucose availability, as reflected in the ℓ3-value. Thereafter, it approaches a threshold
value as defined by ℓ6.

The experimental and numerical results for the lactic acidification groups are shown
in figure 4.4. The model fits the experimental glucose and lactate concentrations
well, except for a small over-prediction of the experimental values at pH 6.0.
Despite clearly different rates of glucose consumption and lactate accumulation, the
experimental LDH values were only significantly increased compared to the control
experiment in the experiment with the lowest pH. In the model, these different glucose
consumption rates did produce different medium LDH concentrations, according to
the term ℓ4(CLA − ℓ5) of equation 4.3. These differences are supported by the MTT
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Figure 4.3: Glucose (GL), lactate (LA) and LDH concentrations with time
for control (high glucose) and glucose deprivation experiments (low
glucose). Fitting these numerical simulations to the experimental data
resulted in parameter set 1 (table 4.3).
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Figure 4.4: Glucose (GL), lactate (LA) and LDH concentrations with time for
control (pH 7.4) and lactic acidification experiments (pH 6.5, pH 6.0
and pH 5.3). Fitting these numerical simulations to the experimental
data resulted in parameter set 1 (table 4.3).
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Figure 4.5: Averaged medium LDH concentrations (mM) at day 5 according to the
model (parameter set 1 (table 4.3)) versus MTT absorption at day 5
for control (pH 7.4) and lactic acidification experiments (pH 6.5, pH 6.0
and pH 5.3).

measurements from Gawlitta et al. (2007b) at day 5, which showed a monotonic
decrease in metabolic activity with decreasing pH (figure 4.5).

4.3.2 Separate and combined effects of deformation and

hypoxia

In the second set of experiments, Gawlitta et al. (2007b) examined the effects of
hypoxia and deformation, both separately and combined. The control group in this
set yielded LDH concentrations with time which were significantly higher than the
corresponding controls from set 1 (figure 4.2). A modified set of model parameters
was required (table 4.4). In particular, the maximum LDH concentration (ℓ6) was
increased from 0.9 to 1.4mM and Vm was decreased from 3000 to 2000mM/day. This
implies that the total maximum glucose consumption rate remained approximately
equal. In addition, the parameters that specify the rate of LDH production were
multiplied by 2.5 (ℓ1 = 10mM/day, ℓ2 = −2.5 · 103, ℓ4 = 4.25/day).
Simulation of the hypoxia experiments required some additional parameter changes.
The parameter specifying the ratio between lactate production and glucose
consumption (f LA

GL

) was increased from 1.2 to 1.6/mM. The influence of lactate on

glucose consumption, as denoted by fLA, was also changed (from 0.36 to 0.26/mM).

Table 4.4: Parameter set 2

ℓ1 (mM/day) ℓ2 (-) ℓ3 (mM/day) ℓ4 (/day) ℓ5 (mM) ℓ6 (mM)

10 −2.5 · 103 −6.5 · 10−2 4.25 20 1.4

Vm (mM/day) Km (mM) fLA (/mM) f LA

GL

(/mM)

2.0 · 103 0.50 0.36 * 1.2 *
*: for the hypoxia experiments, fLA was changed to 0.26/mM and f LA

GL

to 1.6/mM
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Figure 4.6 shows that the hypoxia experiment was then predicted reasonably well
(grey stars and grey solid lines), with an increased lactate production leading to an
increased LDH release. However, the model under-predicted lactate concentrations
for the deformation experiments (dashed lines). Associated with this, the model
over-estimated the glucose concentrations for the combined deformation and hypoxia
situation compared to the experimental data.
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Figure 4.6: Glucose (GL), lactate (LA) and LDH concentrations with time for
control, deformation, hypoxia and combined deformation and hypoxia
experiments. Fitting these numerical simulations to the experimental
data (with the exception of the experiments in the presence of
deformation) resulted in parameter set 2 (table 4.4).

It is also clear from figure 4.6 that the model underestimated the LDH concentrations
in the medium in the deformation experiments (dashed lines). The simulations showed
that deformation led to a significant accumulation of LDH in the construct (figure 4.7),
reaching values in excess of 20mM after 3 days. The deviation between the predicted
and observed medium LDH concentrations had to be caused by deformation-induced
LDH leakage, which had not been implemented in equation 4.3.
Based on experiments that were primarily concerned with the effect of deformation on
tissue damage (Gawlitta et al., 2007a), it was assumed that compression demonstrated
its effect on tissue viability within the first day. To accommodate this short-term
effect in the present model, a constant LDH production was added to equation
4.3. Multiplication of the basal cell death rate by a factor 4 during day 1 (ℓ1 was
increased from 10 to 40mM/day), raised the LDH concentrations approximately to
the experimental values (solid lines in figure 4.8).
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Figure 4.7: LDH concentrations in the construct for control and deformation
experiments (parameter set 2 (table 4.4)). The concentrations
in the construct are considerably higher than in the medium
(experimental control and deformation measurements coincide at this
scale), particularly for the deformation experiment.
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Figure 4.8: LDH concentrations with time for deformation and combined
deformation and hypoxia experiments (parameter set 2 (table 4.4) was
used for the numerical simulations). The dashed model curves are the
same as in figure 4.6, i.e. without deformation-induced LDH leakage, and
the solid ’model +’ curves refer to simulations that included damage due
to deformation (ℓ1 = 40mM/day during day 1).



48 Chapter 4

4.3.3 Combined effects of deformation and hypoxia with lactic

acidification

The effects of deformation and hypoxia were also examined in combination with lactic
acidification (pH 6.5). These experiments belonged to experimental set 1, hence for
the first simulations the parameters were prescribed as in table 4.3.
In the experiments presented in figure 4.9, there were no large differences in glucose
and lactate concentrations of the different experimental conditions. The predicted
values are close to the experimental values, but the glucose predictions are higher in
the presence than in the absence of deformation. Correspondingly, the predictions for
the lactate concentrations are lower in the presence than in the absence of deformation.
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Figure 4.9: Glucose (GL), lactate (LA) and LDH concentrations with time
for deformation, hypoxia and combined deformation and hypoxia
experiments at pH 6.5 (parameter set 1 (table 4.3) was used for the
numerical simulations).

Similar to what was found in the previous paragraph (figure 4.6), the model
underestimated the LDH concentrations in the experiments where deformation was
involved. Again, the effect of increasing ℓ1 to 4 times its initial value during the
first day (ℓ1 = 16mM/day) improved the agreement between the model predictions
and experimental measurements for the deformation experiments (figure 4.10). This
deformation-induced LDH leakage is in agreement with the experimental MTT data
(Gawlitta et al., 2007b), which demonstrated a decreased viability for the experiments
in the presence of deformation compared to the control experiment.
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Figure 4.10: LDH concentrations with time for deformation and combined
deformation and hypoxia experiments at pH 6.5 (parameter set 1 (table
4.3) was used for the numerical simulations). The dashed curves are the
same as the solid curves in figure 4.9, i.e. without deformation-induced
LDH leakage, and the solid ’model +’ curves refer to simulations that
included damage due to deformation (ℓ1 = 16mM/day during day 1).

4.3.4 Effect of mixing

In the model, in which no mixing was implemented, LDH was inhomogeneously
distributed in the medium. This is illustrated in figure 4.11, which represents the
LDH distribution at day 4.
To investigate the effect of homogenizing the solute concentrations in the medium
once every day, two experiments were used, in the absence or presence of deformation
(control and deformation experiments from experimental set 2). Parameter set 2 was
used again, as defined in table 4.4.
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Figure 4.11: LDH distribution (mM) in medium at day 4 for the control experiment
(left) and the deformation experiment (right) from experimental set 2
(parameter set 2 (table 4.4) was used for the numerical simulations).
LDH concentrations in the constructs exceeded 7mM but the focus was
on the concentration gradient in the medium.

From figure 4.12, it becomes clear that mixing indeed influenced the time course of the
medium LDH concentrations, but hardly affected glucose and lactate concentrations.
The influence on LDH was larger for the control experiment than for the deformation
experiment.
The step changes at each day correspond to the increases in the LDH concentration
gradient after homogenizing the medium concentration, which accelerates diffusion.
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Figure 4.12: Glucose (GL), lactate (LA) and LDH concentrations with time for
control and deformation experiments (parameter set 2 (table 4.4) was
used for the numerical simulations). The dashed model curves are the
same as the black curves in figure 4.6 and the solid ’model #’ curves
refer to simulations that included mixing.

4.4 Discussion

Gawlitta et al. (2007b) assessed the effects of ischaemia and deformation on skeletal
muscle constructs by measuring concentrations of selected biomolecules in the medium
surrounding the constructs. This implies that molecules have to diffuse from
the construct to the medium before they can be measured, which complicates
interpretation of the results.
In the present study, a finite element model was developed that described metabolism
and diffusion in a 2D cross-section of the experimental set-up. Relatively simple
relationships, that could be derived from the experimental results of Gawlitta et al.

(2007b), were used in the present work to describe muscle metabolism. This
enabled the evaluation of both spatial and temporal profiles of metabolites and a
cell death marker. This was not possible in previous studies, which described more
complex relationships for muscle metabolism (Cabrera et al., 1998; Korzeniewski and
Liguzinski, 2004; Lambeth and Kushmerick, 2002; Dash et al., 2007), but included no
spatial component.
Deformation was imposed by changing the geometry of the 2D cross-section.
Combined with the deformation-induced decrease in the LDH diffusion coefficient,
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this influenced the concentrations of the selected biomolecules. Thus, the effect of
deformation on the measurements could be assessed. To be able to find a more
local relationship between deformation and damage, a mechanical analysis should be
included (Cox et al., 2007).
It should be stressed that the purpose of the present study was to develop and
use a model for explaining the experimental results from Gawlitta et al. (2007b),
instead of identifying accurate values for muscle metabolism and damage parameters.
Parameters were identified by fitting the model to the experimental groups in which
only one aspect of ischaemia was imposed. Two parameter sets were required
to accommodate the differences between the control groups in the two sets of
experiments. The main difference between the two parameter sets was a scaling
factor for the parameters specifying the rate of LDH release. With such, it was
possible to predict the solute concentrations in the different experimental situations
with reasonable accuracy. The model thus proved a useful tool to study phenomena
in the experiments of Gawlitta et al. (2007b).

Hypoxia was assumed to decrease tissue viability and hence increase the medium
LDH concentration, through its effect on glucose metabolism. Oxygen shortage
necessitates the cells to shift to anaerobic metabolism, resulting in lactate as the
final breakdown product of glucose metabolism. Indeed, to obtain a good fit to
the experimental data (figure 4.6), the ratio between lactate production and glucose
consumption had to be increased with respect to the control experiment. Moreover,
the negative feedback of lactate on glucose consumption had to be decreased, allowing
more glucose consumption at relatively high lactate concentrations.
It is interesting to note that these effects of hypoxia were not visible when hypoxia
was induced in combination with lactic acidification. In that case, no parameter
adaptation was needed to fit the experimental results because there were hardly any
differences between the lactic acidification experiments in the presence or absence of
hypoxia (figure 4.9). The observed decrease in glucose metabolism associated with
lactic acidification might reduce the need for oxygen and hence make the tissue less
sensitive to hypoxia.

Pure lactic acidification decreased glucose consumption through lactate
accumulation. This, in turn, led to increases in LDH concentrations with decreasing
pH. In the experiments from Gawlitta et al. (2007b), no differences were observed in
LDH concentrations for the experiments with pH values of 6.5 and 6.0 compared to the
control experiment with pH 7.4. Only a pH of 5.3 significantly increased experimental
LDH values (figure 4.4). An explanation for this difference between the experiments
and the numerical predictions could be that the effect of lactate on LDH release is
nonlinear, opposed to the linear effect that was assumed in the model. However, the
experimental LDH concentrations disagreed with the results from the MTT assays
at day 5, an alternative indication of viability. MTT absorption reflects metabolic
activity of the tissue, and decreases when cell death increases or cell metabolism
decreases. LDH leaks out of cells when the integrity of their membranes has been
compromised, and increases when viability decreases. Gawlitta et al. (2007b) found a
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monotonic decrease in MTT absorption for decreasing pH values, which corresponded
well to the numerically predicted LDH values (figure 4.5).

In compression experiments, LDH concentrations and MTT assays also disagreed.
Indeed, MTT data showed a significant decrease in viability due to deformation
whereas no effect was observed in LDH concentrations. Accordingly, no effect of
deformation on LDH leakage was initially included in the model. However, earlier
experiments by Gawlitta et al. (2007a), Wang et al. (2005) and Breuls et al. (2003a)
did demonstrate a reduction in viability when tissue-engineered constructs were
subjected to compression. This disagreement could be due to the limited diffusion of
LDH (Gawlitta et al., 2007b).
Indeed, Gefen et al. (2007) recently demonstrated a 50% reduction in the diffusion
coefficient of molecules the size of LDH as a result of compression of the same tissue-
engineered muscle constructs as were used by Gawlitta et al. (2007b). Combined with
the change in geometry due to the weight that was imposed on the construct, this
diffusion limitation led to an accumulation of LDH inside the constructs (figure 4.7).
This led to a discrepancy between the observed and predicted LDH concentrations for
deformation experiments, which could be accommodated by increasing the cell death
rate on day 1 to account for the short-term harmful effect of deformation (figures 4.8
and 4.10).
When deformation was combined with hypoxia, the same increase in cell death rate
during day 1 could explain the observed LDH concentrations. Damage was the sum
of damage due to deformation and hypoxia, and no interaction between the two
damage mechanisms had to be included in the model to predict the measured LDH
concentrations. This suggests that at least in the tissue-engineered muscle constructs,
there is no synergistic effect of deformation and hypoxia.
Another effect of compression was a slight over-estimation of the glucose
concentrations and underestimation of the lactate concentrations (figure 4.6). The
weight on top of the construct limited diffusion of these metabolites to and from the
medium. This effect might be slightly over-estimated since the model assumed that
the complete construct was compressed whereas the weight covered only the central
part of the constructs in the experiments.

The simulated medium concentrations that were compared to the experimental
concentrations were spatially averaged medium concentrations. The underlying
assumption was that if mixing would have occurred it would not influence the time
course of the concentrations. Although the experimental protocol did not include
active mixing, some mixing will inevitably have occurred when medium samples
were taken. Since the concentration of LDH was inhomogeneously distributed in
the medium, it was studied whether mixing would change the conclusions with regard
to the effect of deformation on LDH.
Homogenizing glucose, lactate and LDH concentrations throughout the medium
once every day, increased the concentration gradients that drive diffusion from
the construct to the medium. The effect was particularly noticeable for LDH, of
which medium concentrations were significantly elevated compared to the simulations
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without mixing (figure 4.12).
In control experiments, the increased gradient had a larger effect on simulated LDH
concentrations than in deformation experiments. This can be attributed to the
reduced diffusion coefficient in the construct in the latter case. The result was that the
difference between the LDH concentrations of the two simulations became larger than
in the absence of mixing. Since there was no difference between the measured LDH
concentrations of the control and deformation experiments, the difference between the
simulations had to be accommodated by deformation-induced LDH leakage. Thus, if
mixing occurred during the experiments of Gawlitta et al. (2007b), the deformation-
induced LDH leakage must have been even larger than was predicted without mixing.

In conclusion, the most important finding of the present study was that
deformation did cause LDH leakage although no effect was observed on LDH
concentrations in the medium (Gawlitta et al., 2007b). Thus, the measured LDH
concentrations during compression did not reflect the true LDH leakage in the
construct.
The kind of experiment that Gawlitta et al. (2007b) performed is quite common
in tissue-engineering laboratories, i.e. the effects of all kinds of stimuli are assessed
through measurement of biochemical markers in medium. The current paper shows
that a proper description of transport processes that are involved is essential for a
correct interpretation of the results of such experiments.

Appendix

A finite element code was written to solve the set of equations in 4.1 to 4.3. A list of
symbols is included in table 4.5.

First, the weak forms are obtained by multiplication of equations 4.1 to 4.3 by a
weighting function (v), integration over Ω, followed by integration by parts to remove
the second derivative in the diffusion term:

∫

Ω

v
∂CGL

∂t
dΩ −

∫

Γ

v~nDGL
~∇CGLdΓ +

∫

Ω

DGL
~∇v(~∇CGL)dΩ+

∫

Ω

v(ℓ6 − C̄LDH)(1 − fLACLA)
VmCGL

Km + CGL
dΩ = 0

(4.4)

∫

Ω

v
∂CLA

∂t
dΩ −

∫

Γ

v~nDLA
~∇CLAdΓ +

∫

Ω

DLA
~∇v(~∇CLA)dΩ+

∫

Ω

vf LA

GL

(ℓ6 − C̄LDH)(1 − fLACLA)
VmCGL

Km + CGL
dΩ = 0

(4.5)
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Table 4.5: List of symbols

CGL glucose concentration

CLA lactate concentration

CLDH LDH concentration

C̄LDH average LDH concentration in medium and construct

C
∼

n converged concentration in the previous time increment

C
∼

n+1 last updated concentration in the current time increment

δC
∼

n iterative concentration change in the previous increment

δC
∼

n+1 iterative concentration change to be calculated

DGL glucose diffusion coefficient

DLA lactate diffusion coefficient

DLDH LDH diffusion coefficient

Γ boundary of domain Ω

GL glucose

ℓ1 basal cell death rate

ℓ2 parameter defining LDH increase when glucose availability is too low

ℓ3 threshold value for glucose availability

ℓ4 parameter defining LDH increase when lactate concentration is too high

ℓ5 threshold value for lactate concentration

ℓ6 average LDH concentration when all cells are dead

fLA parameter defining inhibiting effect of LA on GL consumption

f LA

GL

ratio between LA production and GL consumption

Km glucose concentration at half maximum consumption rate

LA lactate

LDH lactate dehydrogenase

N
∼

set of shape functions

~n unit outward normal to boundary Γ

Ω integration domain

θ parameter for temporal discretization

t time

v weighting function

Vm maximum glucose consumption rate
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∫

Ω

v
∂CLDH

∂t
dΩ −

∫

Γ

v~nDLDH
~∇CLDHdΓ +

∫

Ω

DLDH
~∇v(~∇CLDH)dΩ−

∫

Ω

v(ℓ1 + ℓ2(ℓ3 −
∂CGL

∂t
) + ℓ4(CLA + ℓ5))dΩ = 0

(4.6)

The nonlinear Michaelis-Menten term requires linearization, i.e. substituting f(C) =
f(Ĉ) + δf(Ĉ), in which f is an arbitrary function of C and Ĉ is an estimation of C.
In this chapter, Ĉ will simply be called C. The result is the following linearized set
of equations:

∫

Ω

v
∂CGL

∂t
dΩ+

∫

Ω

v
∂δCGL

∂t
dΩ+

∫

Ω

DGL
~∇v(~∇CGL)dΩ+

∫

Ω

DGL
~∇v(~∇δCGL)dΩ

+

∫

Ω

v(ℓ6 − C̄LDH)(1 − fLACLA)
VmCGL

Km + CGL
dΩ

+

∫

Ω

v(ℓ6 − C̄LDH)(1 − fLACLA)
VmKm

(Km + CGL)2
δCGLdΩ

−

∫

Ω

v(ℓ6 − C̄LDH)
VmCGL

Km + CGL
fLAδCLAdΩ = 0

(4.7)

∫

Ω

v
∂CLA

∂t
dΩ+

∫

Ω

v
∂δCLA

∂t
dΩ+

∫

Ω

DLA
~∇v(~∇CLA)dΩ+

∫

Ω

DLA
~∇v(~∇δCLA)dΩ

+

∫

Ω

vf LA

GL

(ℓ6 − C̄LDH)(1 − fLACLA)
VmCGL

Km + CGL
dΩ

+

∫

Ω

vf LA

GL

(ℓ6 − C̄LDH)(1 − fLACLA)
VmKm

(Km + CGL)2
δCGLdΩ

−

∫

Ω

vf LA

GL

(ℓ6 − C̄LDH)
VmCGL

Km + CGL
fLAδCLAdΩ = 0

(4.8)

∫

Ω

v
∂CLDH

∂t
dΩ +

∫

Ω

v
∂δCLDH

∂t
dΩ +

∫

Ω

DLDH
~∇v(~∇CLDH)dΩ+

∫

Ω

DLDH
~∇v(~∇δCLDH)dΩ −

∫

Ω

v(ℓ1 + ℓ2(ℓ3 −
∂CGL

∂t
) + ℓ4(CLA + ℓ5))dΩ

−

∫

Ω

v(−ℓ2

∂δCGL

∂t
+ ℓ4δCLA)dΩ = 0

(4.9)

After linearization, spatial discretization was performed through application of the
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Galerkin method to find polynomial approximations of solutions for C in each
element e (N

∼

T C
∼e

). N
∼

is a set of shape functions that is both applied to the solute

concentrations and to the weighting function v. After some rearrangements, v
∼e

cancels

out and summation over all elements leads to the following set of equations:

M
∂δC

∼GL

∂t
+ DGLKδC

∼GL
+ (1 − fLALA)MMδC

∼GL

− fLAMMcδC
∼LA

=

− M
∂C
∼GL

∂t
− DGLKC

∼GL
− (1 − fLALA)MMrδC

∼GL

(4.10)

M
∂δC

∼LA

∂t
+ DLAKδC

∼LA
+ f LA

GL

(1 − fLALA)MMδC
∼GL

− f LA

GL

fLAMMcδC
∼LA

=

− M
∂C
∼LA

∂t
− DLAKC

∼LA
− f LA

GL

(1 − fLALA)MMrC
∼GL

(4.11)

M
∂δC

∼LDH

∂t
+ DLDHKδC

∼LDH
+ ℓ2M

∂δC
∼GL

∂t
− ℓ4MδC

∼LA
=

− M
∂C
∼LDH

∂t
− DLDHKC

∼LDH
− ℓ2M

∂C
∼GL

∂t
+ ℓ4MC

∼LA
+ L

∼

(4.12)
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with the following definitions:

M =

∫

Ω

N
∼

N
∼

T dΩ

K =

∫

Ω

∇
∼

N
∼

(∇
∼

N
∼

T )dΩ

LA = N
∼

T C
∼LA

MM = (ℓ6 − C̄LDH)

∫

Ω

N
∼

VmKm

(Km + N
∼

T C
∼GL

)2
N
∼

T dΩ

MMc = (ℓ6 − C̄LDH)

∫

Ω

N
∼

VmN
∼

T C
∼GL

Km + N
∼

T C
∼GL

N
∼

T dΩ

MMr = (ℓ6 − C̄LDH)

∫

Ω

N
∼

VmKm

(Km + N
∼

T C
∼GL

)2
N
∼

T dΩ

L
∼

=

∫

Ω

N
∼

(ℓ1 + ℓ2ℓ3 + ℓ4ℓ5)dΩ

(4.13)

Temporal discretization was subsequently applied through the θ-scheme:

M
δC
∼

n+1

GL
− δC

∼

n

GL

∆t
+θDGLKδC

∼

n+1

GL
+(1−θ)DGLKδC

∼

n

GL
+θ(1−fLALA)MMδC

∼

n+1

GL

+(1− θ)(1− fLALA)MMδC
∼

n

GL
− θfLAMMcδC

∼

n+1

LA
− (1− θ)fLAMMcδC

∼

n

LA
=

−M
C
∼

n+1

GL
− C

∼

n

GL

∆t
−θDGLKC

∼

n+1

GL
−(1−θ)DGLKC

∼

n

GL
−θ(1−fLALA)MMrC

∼

n+1

GL

− (1 − θ)(1 − fLALA)MMrC
∼

n

GL

(4.14)

M
δC
∼

n+1

LA
− δC

∼

n

LA

∆t
+ θDLAKδC

∼

n+1

LA
+ (1 − θ)DLAKδC

∼

n

LA

+ θf LA

GL

(1 − fLALA)MMδC
∼

n+1

GL
+ (1 − θ)f LA

GL

(1 − fLALA)MMδC
∼

n

GL

− θf LA

GL

fLAMMcδC
∼

n+1

LA
− (1 − θ)f LA

GL

fLAMMcδC
∼

n

LA
=

− M
C
∼

n+1

LA
− C

∼

n

LA

∆t
− θDLAKC

∼

n+1

LA
− (1 − θ)DLAKC

∼

n

LA

− θf LA

GL

(1 − fLALA)MMrC
∼

n+1

GL
− (1 − θ)f LA

GL

(1 − fLALA)MMrC
∼

n

GL

(4.15)
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M
δC
∼

n+1

LDH
− δC

∼

n

LDH

∆t
+ θDLDHKδC

∼

n+1

LDH
+ (1 − θ)DLDHKδC

∼

n

LDH

+ ℓ2M
δC
∼

n+1

GL
− δC

∼

n

GL

∆t
− θℓ4MδC

∼

n+1

LA
− (1 − θ)ℓ4MδC

∼

n

LA
=

− M
C
∼

n+1

LDH
− C

∼

n

LDH

∆t
− θDLDHKC

∼

n+1

LDH
− (1 − θ)DLDHKC

∼

n

LDH

− ℓ2M
C
∼

n+1

GL
− C

∼

n

GL

∆t
+ θℓ4MC

∼

n+1

LA
+ (1 − θ)ℓ4MC

∼

n

LA
+ L

∼

(4.16)

In the above equations C
∼

n is the converged concentration in the previous time

increment, δC
∼

n is the iterative concentration change in the previous increment, which

approximates zero by definition and hence all terms containing this expression can be
neglected. C

∼

n+1 is the last updated concentration in the current time increment, and

δC
∼

n+1 is the concentration change to be calculated.

That leads to the following arrays that were implemented in Matlab:
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M 1

∆t + θ(DGLK + (1 − fLALA)MM) −θfLAMMc 0

θf LA

GL

(1 − fLALA)MM M 1

∆t + θ(DLAK − f LA

GL

fLAMMc) 0

ℓ2M
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∆t −θℓ4M M 1

∆t + θDLDHK





























∂C
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∂C
∼LDH

















n+1

=













−M 1

∆t − θ(DGLK + (1 − fLALA)MMr) 0 0
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−ℓ2M
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M 1
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The contents of this chapter are based on K.K. Ceelen, A. Stekelenburg,
J.L.J. Mulders, G.J. Strijkers, F.P.T. Baaijens, K. Nicolay, C.W.J. Oomens,
Validation of a numerical model of skeletal muscle compression with MR tagging:

a contribution to pressure ulcer research, Journal of Biomechanical Engineering,
submitted.
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5.1 Introduction

Prolonged immobility can lead to pressure ulcers due to unrelenting tissue loading,
causing deformation and metabolic disturbances. Especially spinal cord injured
patients are vulnerable for pressure ulcers, since they are insensate and unable to
relieve high pressures. The wounds can involve tissue layers from the skin to the
bone. In some cases, muscle tissue breakdown precedes damage to skin or adipose
tissue (Nola and Vistnes, 1980; Daniel et al., 1981). Pressure ulcers that start in
subcutaneous tissue, i.e. skeletal muscle, remain invisible until the ulceration has
progressed all the way to the skin surface. This kind of deep pressure ulcer is called
deep tissue injury, defined as pressure-related injury to subcutaneous tissues under an
intact skin (Ankrom et al., 2005). Prevention, detection and treatment are difficult
due to limited knowledge of the mechanisms underlying the onset of these wounds.
The most adhered hypothesis for the main cause of pressure ulcers is that compression-
induced ischaemia and reperfusion upon unloading lead to injury. Recently, in

vitro experiments suggested that deformation of skeletal muscle cells might directly
cause damage (Bouten et al., 2001; Breuls et al., 2003a; Gawlitta et al., 2007a) and
contribute to the formation of deep tissue injury.
It has been demonstrated with numerical models that the highest stresses and
strains occur internally (Chow and Odell, 1978; Todd and Thacker, 1994; Dabnichki
et al., 1994; Oomens et al., 2003; Linder-Ganz and Gefen, 2004; Gefen et al., 2005).
However, the transferral of external loads to within the subcutaneous tissues and
their local effects are complex issues. This is one of the reasons why there is no
quantitative agreement on the often-studied relationship between time and magnitude
of externally applied load and the risk of acquiring a pressure ulcer (Daniel et al.,
1981; Kosiak, 1959, 1961; Reswick and Rogers, 1976). Determining both the local
internal mechanical state during sustained mechanical loading and the resulting tissue
viability will increase the understanding of the mechanisms by which pressure ulcers
are initiated.
Recently, an in vivo rat model was developed to measure damage with T2-
weighted MRI in a hindlimb skeletal muscle during and after 2 hours of indentation
(Stekelenburg et al., 2006a). Contrast-enhanced MRI showed that a large part of
the hindlimb was hypoperfused due to occlusion of the main feeding artery, but only
part of this region was strongly deformed. Only in the region of hypoperfusion and

significant tissue deformation, T2-values were irreversibly increased (Stekelenburg
et al., 2007), suggesting a direct relation between deformation and the development
of damage.
In order to make a more accurate correlation between local deformation and damage,
quantitative information about internal tissue deformation is required. In the
previously mentioned animal model, MR tagging can be used to measure internal
displacements. However, MR tagging cannot be included in the protocol for the
damage measurements because the tagging protocol induces damage that would
interfere with the damage induced by sustained compression. Therefore, a dedicated
finite element (FE) model was developed to simulate experiments and be able to
assess internal tissue strains without MR tagging. Experiment-specific tissue strains
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can then be calculated and a local comparison with measured damage can be made.
In the current study, this FE model was validated using MR tagging experiments.
The question that needs to be answered is whether the predictions of the FE model
are accurate enough to use them to draw conclusions as to whether strain imposed
on the tissue by loading correlates with muscle damage as measured by T2-weighted
MRI.

5.2 Materials and methods

5.2.1 MR tagging experiments

Animal model

In this study, 20-week-old female Brown-Norway rats (n=4) were used, weighing
between 170 and 185 grams. Each animal was housed under standard laboratory
conditions (12h light, 12h dark cycles) and maintained on standard laboratory food
and water ad libitum. Each rat was anaesthetized for the preparation phase by
subcutaneous injection of xylazine (2 · 10−3g/kg body weight) and intramuscular
injection of ketamine (1.6 · 10−3g/kg body weight). During the MR measurements,
anaesthesia was maintained with isoflurane inhalation (0.4 to 1.0% isoflurane with
N2O/O2 mixture (1:1)). Vital signs (pulse and respiratory rate) were monitored
and maintained within physiological range. The rat was placed on a heating pad to
maintain body temperature between 35-37◦C. Prior to the loading protocol, the hairs
on the left TA region were removed by shaving. The left limb was placed in a specially
designed mould and plaster cast was applied to obtain a firm fixation in the set-up
(Stekelenburg et al., 2006b). The experimental protocol was approved by the Animal
Care Committee of the University of Maastricht.

MR-compatible device

The experimental set-up is described in detail elsewhere (Stekelenburg et al., 2006b).
To review briefly, the device consisted of two concentric tubes. The inner tube housed
the animal and the outer tube was used to position the whole arrangement in a 6.3
Tesla MR scanner, operating at 270MHz (horizontal bore, diameter 95mm) with a
380mT/m gradient coil. The anaesthetized animal was placed supine in the device,
with its foot positioned in a special holder such that the leg was fixed in the set-up. A
birdcage radio frequency coil was placed in a fixed position around the limb. A hole
was made in the cast, which enabled application of a plastic indenter (diameter 3mm
and curved edges) to the TA region. The indenter was attached to a loading beam
to which strain gauges were attached to enable force measurements during loading.
The loading beam was connected to a bar via a cam mechanism. Custom software
written in LabVIEW (National Instruments, USA) was used to apply the indenter in
a controlled and repetitive manner via motor-controlled rotation of the bar.
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MR tagging protocol

MR tagging is a non-invasive technique for measuring three-dimensional motion and
deformation, mostly used in the field of cardiac biomechanics (Axel and Dougherty,
1989). Through a sinusoidal modulation of the longitudinal magnetization, tag lines
are created with a lifetime depending on the longitudinal relaxation time. The
tag lines move with the underlying tissue and serve as easily identifiable landmarks
within the tissue. From the displacement of tag lines due to indentation, local tissue
deformation and corresponding strain distributions can be calculated.
In the present study, the force signal from the strain gauges was used to verify the
timing of the experiment as indicated in figure 5.1. By using a metal sensor and
a screw attached to the bar, a trigger was given to the MRI scanner once every
cycle. This pulse was used to start the MR protocol (arrow 1 in figure 5.1). At a
predetermined period after this pulse the tagging grid was applied to the tissue (arrow
2), after which the indenter was moved into the tissue (arrow 3). Subsequently, the
deformed tagging grid was measured within 0.8s, and thereafter the indenter was
gradually retracted by means of the rotating cam.

Figure 5.1: Time schedule for tagging measurement based on force signal from
strain gauges: A predetermined time after the pulse from the sensor
(arrow 1), a signal was sent to the MR scanner to apply the tagging
grid (arrow 2) and then the indenter was applied (arrow 3). The high-
frequency fluctuations during the MR-measurements are caused by the
linear magnetic field gradients that are used for MR image encoding.

Experiments (n=4) were performed with indentations varying between 2.1 and 4.7mm.
Tag lines were applied in two orthogonal directions in a transverse slice. Since C-
SPAMM (complementary spatial modulation of magnetization (Fischer et al., 1993))
requires two SPAMM acquisitions in which the modulation of the tagging grid
differs by 180◦, a total of 4 measurements per slice was needed to measure tissue
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displacements in 2 directions. Per animal, displacements were measured in several
slices and successive indenter applications were separated by 4s.
The tagging grid was applied with two Gaussian RF-pulses of 200µs with a flip angle of
45◦, a gradient strength of 30mT/m and an effective gradient duration of 150µs. This
resulted in a grid line spacing of 14 pixels or 3.3mm. A T1-weighted gradient-spoiled
gradient echo sequence (TR=10ms, TE=2.5ms, flip angle=30◦, FOV=30x30mm2 and
matrix of 128x64 points, zero-filled to 128x128 points) was used to image the tagging
grid. The read-out direction was chosen orthogonal to the tagging direction.

Data processing

The applied method for quantification of the tag displacements was the HARmonic
Phase (HARP) analysis, based on the method described by Osman et al. (1999).
First, the two images of the SPAMM acquisitions were subtracted from each other
to increase the signal to noise ratio and to remove the DC intensity offset. The
resulting C-SPAMM image was subjected to 2D Fourier transformation and the k-
space data was multiplied by a band pass filter to isolate the C-SPAMM convoluted
image information. The bandwidth of the filter was set to 19 pixels in k-space. After
an inverse Fourier transformation of the filtered data, HARP images were obtained
by calculation of the phase in each pixel. Finally, phase unwrapping was performed
in a region of interest containing the hind limb. The phase on a line of pixels
was accumulated such that all pixels acquired a unique phase. This procedure was
repeated with the tag lines applied in the second, orthogonal direction, such that all
image pixels had a unique phase in both directions, which enabled tracking of these
points in 2D space.

5.2.2 FE model

A dedicated 2D plane stress finite element model was developed to simulate the above
described indentation experiments. The model was implemented in Sepran (Segal,
1984) using an updated Lagrange method, and solved with an HSL solver (HSL,
2002).

Meshes

Meshes were made with Matlab (The Mathworks, Inc.) by detecting the undeformed
outer contours of the rat hindlimb and the tibia contours in the transverse MR
image of the slice underneath the indenter (figure 5.2(a)). Matlab’s PDE Toolbox
was used to fill the contour with triangles, which were subsequently transformed to
extended quadratic triangles (figure 5.2(c)). The number of elements in each mesh
was approximately 5000 to ensure a high density in the area between indenter and
tibia.
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(a) (b) (c)

Figure 5.2: MR images of undeformed (a) and deformed (b) hindlimb with contours
used for FE model superimposed: The thick white line represents the
fixed outer boundary (plaster cast) and thin lines indicate the tibia
and contact boundary for contact between indenter and hindlimb in
the undeformed situation. The indenter was identified in the images
and its final position was obtained by fitting its known geometry in the
deformed hindlimb (b). (c) Resulting mesh with indenter at its starting
position outside the mesh. The scale bar in (a) is also applicable to the
other images.

Constitutive behavior and boundary conditions

All soft tissues in the hindlimb were modeled as a single material with neo-Hookean
constitutive material behavior. Using the incompressibility condition in 3D in the 2D
plane stress situation, the following expression for the Cauchy stress σ2D in 2D was
obtained (see appendix):

σ2D = G (B2D − I/det(B2D)) (5.1)

B2D is the left Cauchy-Green matrix, defined as F 2DFT
2D with F 2D the deformation

matrix, and G is the shear modulus. Since the model is displacement-driven and strain
is the outcome of interest, the value of G was irrelevant and stresses were normalized
to G and without dimension. All matrices are defined in 2D in the plane of the
mesh, and thus det(B2D) is not necessarily equal to one despite the incompressibility
condition.
The tibia was assumed to be rigid and fixed to the soft tissues at its boundary, where
its movement was prescribed. Total tibia displacement was obtained by overlaying
the undeformed contours on an MR image of the deformed contours. To mimic the
plaster cast surrounding the hindlimb, zero-displacement boundary conditions were
imposed on a large part of the outer boundary (figure 5.2(a)). The remaining part
of this boundary was free to move, and consisted of quadratic line contact elements.
An implicit method for frictionless contact problems with one deformable and one
rigid body was used to model the contact between hindlimb and indenter (Cox et al.,
2004). The angle with which the indenter was applied to the hindlimb, its position,
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and the maximum indentation depth were determined from an MR image of the
deformed hindlimb (figure 5.2(b)). The total indentation was prescribed in increments
of 0.1mm, and tibia displacement was assumed to occur linearly during these steps.

Remeshing

The large deformations applied in the experiments required remeshing in one case.
The deformed mesh contours of the last converged deformation increment were loaded
in Matlab’s PDE Toolbox, and filled with triangles again to write a new Sepran
meshfile. Both the deformation matrix and an array indicating the nodes making
contact with the indenter were interpolated onto the new mesh, using the old elements’
quadratic shape functions. The last converged deformation increment on the old
mesh was repeated on the new mesh to ensure equilibrium again. Thereafter, further
indentation was applied to the new mesh.

5.2.3 Comparison between experimental and numerical results

To compare model and experiment, maximum shear strain and strain energy were
evaluated on corresponding positions in the model mesh and the tagging images. A
grid was defined in the undeformed situation on the region between the indenter
and the tibia. The spacing between the grid points was twice the size of the
tagging pixels. First, displacements derived from the tagging measurements and those
calculated with the dedicated FE model were interpolated onto the grid. The tagging
displacements were linearly interpolated under the assumption that each pixel center
was a corner node of a linear quadrilateral element (figure 5.3(a)). For the model
displacements, the elements’ shape functions and nodal displacements were used for
quadratic interpolation (figure 5.3(b)).

Maximum shear strain and strain energy

The deformation matrix F 2D was calculated using a second-order method to compute
strains from a discrete set of displacements (Geers et al., 1996). Knowing F 2D on the
grid, the Green-Lagrange strain E2D can be calculated:

E2D =
1

2

(

FT
2DF 2D − I

)

(5.2)

Maximum in-plane shear strain (τ) was derived from E2D, with E1 and E2 the first
and second principal strains:

τ =
1

2
(E1 − E2) (5.3)

For neo-Hookean material, the strain energy density SED is given by (see appendix):

SED =
1

2
G (tr(C3D) − 3) (5.4)
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(a) (b)

Figure 5.3: (a) Tagging displacements in pixels (grey squares) were interpolated
onto a grid point (cross) by using the surrounding pixel centres (black
dots) as nodes of a linear quadrilateral element (black lines). (b) Model
displacements were interpolated using the nodes (black dots) of the
extended quadratic triangular element of the mesh (black lines) that
contains the grid point (cross).

C3D is the right Cauchy-Green matrix, equal to FT
3DF3D, computed in 3D space.

The strain energy density was integrated on a square comprising 3 × 3 grid points
using 9-points Gaussian quadrature, and normalized to G to obtain a dimensionless
strain energy (SE).

Experimental - numerical correlation

Ideally, numerical and experimental strain values would be equal. This would mean
that all data points in a graph of numerical versus experimental strains would lie
on a line through the origin with a slope of 1. The slope and intercept of the line
through the strain data points from this study were estimated by linear regression
analysis. Pearson’s correlation coefficient was determined to quantify the strength
of the linear relation between experimental and numerical strains, both for each
experiment individually and for all experiments taken together.
Correlation should be high enough for the intended use of the model, i.e. the numerical
strain predictions have to be accurate enough to draw meaningful conclusions on the
relation between strain and increased T2-values, representing damaged tissue. Thus,
the overlap between numerical and experimental high-strain areas should be high.
Assuming that the experimental values are the real strain values, the overlap can
be quantified with the positive predictive value (ppv), which is defined as the chance
that the experimental strain is higher than a certain threshold value (true positive, tp)
when the model predicts a strain above this threshold (true positive + false positive,
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tp + fp):

ppv =
tp

tp + fp
× 100% (5.5)

In addition, Bland-Altman plots were constructed (Bland and Altman, 1986) to
compare the experimentally and numerically predicted values without assuming that
one of them gives the true values.

5.3 Results

5.3.1 MR tagging experiments

The tag lines were applied in two directions in the transverse slices. Figures 5.4(a) and
5.4(b) illustrate the C-SPAMM images at the level of the indenter of the undeformed
and deformed tag lines perpendicular to the indentation direction. In each experiment,
95% of the points in the image could be retrieved with the tracking method that
was used. Points that could not be retrieved were all near the skin surface. From
the displacements of the tag lines, local total displacements were calculated (figure
5.6(a)).

(a) (b)

Figure 5.4: C-SPAMM images with tagging grid perpendicular to indentation
direction before (a) and during indentation (b).

5.3.2 Dedicated FE model

The deformed contours predicted by the FE model agreed well with the contours of
the deformed hindlimbs in the MR images for the smaller indentations of 2.1 and
2.6mm (figure 5.5(a)). For the larger indentations of 4.5 and 4.7mm however, the
agreement was smaller due to some swelling (figure 5.5(b)).
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(a) (b)

Figure 5.5: MR images of deformed hindlimbs of 2.6mm indentation (a) and
4.5mm indentation (b), with numerically predicted deformed contours
superimposed (white lines, black in swollen area for better visibility in
(b)).

From the numerical simulations, the displacement field was obtained (figure 5.6(b))
as it was from the tagging experiments.

5.3.3 Comparison of experiments and model

A grid was overlaid on the displacement fields derived from the tagging data and
the numerical results (figures 5.6(a) and 5.6(b) respectively), and displacements
were interpolated onto this grid. Parallel to the direction of indenter movement,
the deviation of numerical displacements from experimental displacements was small
(data not shown), with means and standard deviations smaller than or equal to the
resolution of the tagging experiments, which was 234µm as determined by the number
of points in the read-out direction.
Perpendicular to the indenter movement however, standard deviations exceeded
the resolution (data not shown) and the model underestimated displacements
perpendicular to the direction of indenter movement.
Interpolated displacement fields were subsequently processed to obtain maximum
shear strains (figures 5.6(c) and 5.6(d)) and strain energies. Due to problems with
tracking points on the surface of the hindlimb, tagging data is lacking on the outer
grid points directly underneath the indenter.
The average Pearson’s correlation coefficient for maximum shear strains was 0.73, and
that for strain energy was 0.77 (table 5.1). When all experiments were taken together,
Pearson’s correlation coefficient was 0.74 for τ and 0.79 for SE (figure 5.7).

To determine whether the correlation between model and experiments is acceptable for
the intended use of the model, positive predictive values were determined for τ and SE
higher than a range of threshold values, under the assumption that the experimental
data are the real values. A horizontal and a vertical line can be drawn in figure 5.7 at
a threshold value, dividing the graphs in four quadrants. False positive data points
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(a) (b)

(c) (d)

Figure 5.6: Example of total displacements calculated from tag line displacements
(a), and from model calculations (b), overlaid with grid (black dots).
Maximum shear strains from tagging experiment (c) and from model
on grid (d).

0 0.5 1
0

0.2

0.4

0.6

0.8

1
Pearson′s correlation coefficient r =0.74

experimental τ

nu
m

er
ic

al
 τ

y =0.62 x +0.07

(a)

0 5 10 15 20
0

5

10

15

20
Pearson′s correlation coefficient r =0.79

experimental SE

nu
m

er
ic

al
 S

E

y =0.98 x +0.36

(b)

Figure 5.7: Correlation between numerical and experimental maximum shear
strains (a) and strain energies (b). Solid lines are regression lines and
dotted lines are unity lines. Different markers indicate the different
experiments (n=4).
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Table 5.1: Pearson’s correlation coefficients (r)

exp 1 2 3 4 average 1+2+3+4
indentation (mm) 2.1 2.6 4.5 4.7

r
τ 0.81 0.74 0.67 0.70 0.73 0.74
SE 0.82 0.88 0.75 0.64 0.77 0.79

are in the upper left quadrant (numerical values higher, experimental values lower
than threshold) and true positive points in the upper right quadrant (numerical and
experimental values higher than threshold).
Since the regression line through numerical versus experimental maximum shear
strains deviated from the unity line, the horizontal and vertical threshold lines dividing
the graph from figure 5.7(a) in quadrants were rotated to be at 45◦ with the regression
line instead of with the unity line.
For all experiments together, the positive predictive value decreases for increasing
threshold values, and falls below 50% for a threshold τ exceeding 0.6 and for a
threshold SE larger than 12 (figure 5.8).
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Figure 5.8: Number of true positive and false positive grid points for maximum
shear strain threshold values up to 1 (a) and for strain energy threshold
values up to 20 (b) for all experiments taken together. The dots are
corresponding positive predictive values, indicated on the right y-axes.

Additionally, Bland-Altman plots were made since neither the experimental nor the
numerical quantities are the true values (figure 5.9) (Bland and Altman, 1986). These
plots show that the mean difference between the experimental and numerical values is
almost zero, indicating that there is no systematic error. Further, the differences are
approximately normally distributed and 95% lies between the dotted lines representing
the mean +/- 2 standard deviations for both strain parameters. A large part of
the differences even falls within 1 standard deviation of the mean, i.e. 76% and
82% for the maximum shear strain and strain energy respectively. However, the
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standard deviations are considerably large, meaning that the difference between the
experimentally and numerically predicted values can be large.

0 0.2 0.4 0.6 0.8

−0.4

−0.2

0

0.2

0.4

0.6

average max shear strain

di
ffe

re
nc

e 
in

 m
ax

 s
he

ar
 s

tr
ai

n

(a)

0 5 10 15 20 25
−30

−20

−10

0

10

20

average normalized SE
di

ffe
re

nc
e 

in
 n

or
m

al
iz

ed
 S

E

(b)

Figure 5.9: Bland-Altman plots of differences between numerical and experimental
values versus mean of numerical and experimental values for maximum
shear strains (a) and strain energies (b). Solid lines represent the
mean differences and dashed lines represent the mean +/- 2 standard
deviations of the differences.

5.4 Discussion

This study describes both an experimental and a numerical method to quantify deep
tissue strains as induced by applying an indenter to a rat hindlimb muscle. Since
the nature of the strain quantity that might correlate with damage is unknown,
two candidate parameters were used for validation of the model. Maximum shear
strain has been chosen because it is a measure of the largest strains occurring in the
tissue. Integration of strain energy density results in a strain quantity that takes into
account strains in neighboring tissue, which might influence damage development.
The average correlation coefficients for the relation between strains obtained from
MR tagging experiments and from the dedicated finite element model were between
0.7 and 0.8, which is reasonable for a correlation study with biological material and
limitations as described below. The ultimate goal is to correlate internal strains to
locations of damage measured with T2-weighted MR due to sustained compression
which precludes tagging measurements. For that purpose, the model has to be able
to accurately predict high-strain areas. It was found that the area of high strains
predicted by the model coincided with the area found with tagging experiments but
the overlap decreased for very high strain values.
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5.4.1 Tagging measurements

The MR tagging experiments required repetitive indenter applications in a rapid
manner, causing inevitable damage to and swelling of the tissue. In addition,
after a number of indenter applications, the tissue did not fully recover within 4s.
Accordingly, there was some residual deformation when a tagging grid was applied
again.
Tracking results showed that points all over the image could be retrieved. The only
points that could not be tracked were near the skin surface. This can be explained
by minimal differences in region of interest and by the discrete phase values.
The tagging grid was applied using C-SPAMM (Fischer et al., 1993). The C-SPAMM
images are generated by subtraction of a normal SPAMM image and a SPAMM image
with an inverted tagging pattern. A major advantage of the C-SPAMM technique is
that the zero-order image information in k-space is filtered away efficiently. This will
lead to a lower error in the displacements and fewer artifacts (Kuijer et al., 2001).
The C-SPAMM images were subjected to 2D Fourier transformation and the resulting
k-space data was multiplied by a band pass filter to isolate the C-SPAMM convoluted
image information. Different filter sizes were tested. Filters with a small bandwidth
showed a deformation of the tagging pattern since vital frequency information was
lost. Filters with a large bandwidth leave more information in the image, but will
introduce errors in phase analysis since too many small artifacts are still present. A
filter diameter of 19 pixels was chosen, which has also been used in other studies
(Kuijer et al., 2001; Heijman et al., 2004).

5.4.2 Model

The FE model is a relatively simple 2D representation of a rat hindlimb, but the mesh,
the indentation angle and the extent of indentation were adapted to the individual
experiments. All tissues were modeled as a single soft tissue with neo-Hookean
behavior except for the tibia, which was assumed to be rigid. Although rather simple,
this approach was capable of describing experimentally obtained strain distributions
with acceptable accuracy. This suggests that geometry is more important for the
resulting strain field than material properties when displacement is prescribed and
strain is used as damage predictor. Bosboom et al. (2003) also concluded that material
properties hardly influenced shear strain distributions in their FE model.
However, there are some geometrical uncertainties in the present dedicated model.
Due to the limited resolution of the MR images, the indentation angle and indentation
level could only be determined with limited accuracy. Varying the indentation level
within reasonable bounds did however not lead to large changes. On the other hand,
the indentation angle was crucial. Changing it a few degrees changes the orientation
of the indenter with respect to the tibia, which has a large effect on the strain
distribution.
A limitation of the current approach is that the model is a 2D representation of a 3D
experiment. Plane stress was assumed since the indenter was only three times the slice
thickness in the direction perpendicular to the plane of the model and displacements
in that direction will not be completely restricted. The agreement of the deformed
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model contours with the MR images supported this choice.
In large-indentation experiments, there is some disagreement between the deformed
contours predicted by the model and the contours in the MR image (figure 5.5(b)).
This can at least partly be explained by tissue swelling, since the model is
purely mechanical and does not include biological responses. In addition, repeated
indentation caused some residual deformation before the tagging grid was applied in
the two experiments with the largest indentations. Meshes for these experiments were
adapted to this partially deformed state to take that situation as undeformed since
this was also used as undeformed situation in the tagging analysis. However, tissue
properties may have changed and some damage may be present. Since deformations
are very large in these experiments, this may have affected the strain field as measured
with MR tagging but was not taken into account in the model.
Anisotropy of muscle tissue was ignored since the muscle fiber direction is
perpendicular to the plane of the model. This means that the higher stiffness of
fibers in the longitudinal direction (Van Loocke et al., 2006) was not accounted for in
the model and might explain the underestimation of the displacements perpendicular
to the direction of the indenter movement. The omission of friction in the contact
between indenter and tissue might also contribute to this underestimation.

5.4.3 Comparison of experiments and model

Although the model simulates static compression while fast repeated loading is
applied in the experiments, general agreement was observed between experimental
and numerical results, which can be inferred from the high correlation coefficients
between experimental and numerical values for maximum shear strain and strain
energy.
For all experiments, the correlation coefficients were high, with an average between
0.7 and 0.8. However, the slope of the regression line through the maximum shear
strain data deviated from 1. Therefore, absolute numerical strain values may differ
from the real experimental strains, but relative strain values are correct and locations
of low and high strains coincide largely. Since the correlation coefficients for the
individual experiments were similar to the correlation coefficient for all experiments
together, the linear relationship between experimental and numerical strain values is
independent of the different measurements. This is important because the model is
intended to be used to relate tissue deformation to damage.
The finding that the positive predictive value decreases for large threshold values
implies that the model should not be used for making fine distinctions between high
strain values. Since high-strain areas are small, a small misalignment between the
tagging data and the model mesh can cause large differences in grid point strains,
and positive predictive values in this range of strains are based on a few points only.
It should also be taken into account that for determining the predictive values it
was assumed that the experimental strain values were the true values, while there is
also an error on these values. Therefore, Bland-Altman plots were made. They also
showed that the differences between the experimental and numerical strain values
increased for increasing strain values, and the standard deviations of the differences
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were rather large. However, there was no systematic error, and 76% and 82% of the
differences in experimental and numerical maximum shear strain and strain energy
respectively fell within 1 standard deviation of the mean.

The ultimate goal is to determine whether there is a relation between a measure
of strain and compression-induced damage. For that purpose, internal tissue
deformations need to be known in the same situation in which damage is measured.
In the present study, a dedicated finite element model was validated that predicts
high-strain areas in the experimental set-up that will be used to measure damage due
to sustained compression. It was concluded that the model predictions were accurate
enough to use them to find a possible relation between strain and damage in the
existing experimental set-up.

Appendix

Linear neo-Hookean material behavior was assumed:

σ3D = −pI + G (B3D − I) (5.6)

σ3D is the Cauchy stress, p the hydrostatic pressure, B3D is the left Cauchy-Green
matrix, defined as F 3DFT

3D with F 3D the deformation matrix, and G is the shear
modulus.
Plane stress is applied by setting all components of σ3D in the direction perpendicular
to the plane of the mesh to zero. This leads to the following expression for σzz :

σzz = −p + G (Bzz − 1) = 0 (5.7)

It immediately follows that:

p = G (Bzz − 1) (5.8)

The incompressibility condition requires that det (F 3D) equals 1:

det (F 3D) = det









Fxx Fxy 0
Fyx Fyy 0
0 0 Fzz







 = Fzzdet (F 2D) = 1 (5.9)

It can now be derived that:

Fzz = 1/det (F 2D) and Bzz = 1/det (B2D) (5.10)

Substituting this expression for Bzz in equation 5.8 and substituting the resulting
expression for p in the constitutive equation (5.6) leads to:

σ2D = G (B2D − I/det(B2D)) (5.11)



Validation of a numerical model of skeletal muscle compression with MR tagging 77

In this equation, all matrices are defined in 2D space.

In the calculation of the strain energy density, it is important to take into account
the contribution of strains in the direction perpendicular to the plane of the mesh:

SED =
1

2
(S3D : E3D) (5.12)

S3D is the second Piola Kirchhoff stress related to the second term of the Cauchy
stress in equation 5.6 since hydrostatic pressure does not contribute to strain energy:

S3D = F−1
3D · (G (B3D − I)) · F−T

3D (5.13)

Strain energy density can then be written as:

SED =
1

2
G (tr(C3D) − 3) (5.14)

C3D is the right Cauchy-Green matrix, defined as FT
3DF 3D with equation 5.10

substituted for Fzz.
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Chapter 6

Compression-induced damage

and internal tissue strains are

related

The experimental part of this study was performed by Anke Stekelenburg.
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6.1 Introduction

The occurrence of pressure ulcers is a serious complication across the entire range of
healthcare settings (Bours et al., 2002; Schols et al., 2007). The extent of these wounds
and the tissues that are involved vary from superficial pressure ulcers where only the
skin layer is affected to deep pressure ulcers compromising deep subcutaneous muscle
tissue. A subtype of the latter involves pressure-related deep tissue injury, which
starts in subcutaneous tissues under an intact skin. These wounds are very difficult
to detect before they have progressed outwards to the skin surface and have formed
extensive wounds. Despite many attempts at prevention, using specially-designed
support surfaces and load relieving regimes for high-risk patients, deep pressure ulcers
still present a major problem (Schols et al., 2007) and seriously interfere with quality
of life, particularly for patients with spinal cord injury (Chen et al., 2005; Garber and
Rintala, 2003; Scelsi, 2001).
Effective prevention and early detection are hindered by poor understanding of the
aetiology of pressure ulcers. Traditionally, research on aetiology focused on ischaemia
and more recently on ischaemia-reperfusion injury (Daniel et al., 1981; Kosiak, 1959;
Grisotto et al., 2000). However, the onset of pressure ulcers cannot be completely
explained by these two mechanisms. More recently, deformation-induced damage has
received some attention. For example, in vitro experiments with muscle cell-seeded
agarose constructs revealed direct cell damage at high local deformation (Bouten et al.,
2001). Additionally, Breuls et al. (2003a) reported an increase in the proportion
of dead cells with increasing gross strain applied to an engineered skeletal muscle
construct. The influence of ischaemia could however not be completely excluded.
The roles of deformation and ischaemia were further investigated in animal
experiments (Stekelenburg et al., 2006a, 2007). T2-weighted MRI showed that 2 hours
of in vivo muscle compression led to damage in a specific area of rat muscle tissue
(figure 6.1(a)), while contrast-enhanced MRI showed that the entire muscle was hypo-
perfused during compression (figure 6.1(b)). MR tagging experiments suggested that
the damaged region overlapped with the region with the largest deformations (figure
6.1(c)).
However, a definitive relationship could not be established because MR tagging
required rapidly repeated indentations, which caused additional damage to that
caused by sustained compression. This meant that the internal deformation and
resulting damage could not be measured in one single experiment. Since it has
been demonstrated that inter-animal differences are large even when experimental
conditions appear to be identical (Bosboom et al., 2003), it is essential to know both
internal tissue deformation and damage locations for each individual experiment.
Therefore, a dedicated finite element model was developed, which predicts internal
tissue strains for each specific experiment (Ceelen et al., 2007).
In the present study, this dedicated model was used to calculate strain fields in rat
hindlimbs that were subjected to 2 hours of continuous compression. The resulting
damage was measured with T2-weighted MRI, and the overlap between damage and
high strains was determined.
There are two questions that are addressed in the present study: Is there a
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(a) (b) (c)

Figure 6.1: Transverse cross-sections of rat hindlimbs that were subjected to
compression for 2 hours (Stekelenburg et al., 2007). (a) The high-
intensity area, as indicated by the arrow, reflects large T2-relaxation
times, indicating damage. (b) The total tibialis anterior muscle
was hypo-perfused (blue) during its compression, as assessed with
contrast-enhanced MRI. (c) The area of large shear strains (red) during
compression, as determined with MR tagging, seems to coincide with
the damaged area. For practical reasons, the cross-section in (c) is from
a separate experiment to that in (a) and (b).

relationship between location and magnitude of skeletal muscle damage and local
tissue deformation? Is there a mechanical threshold below which no tissue damage
occurs within 2 hours of loading?

6.2 Materials & Methods

6.2.1 Damage measurements

Damage due to 2 hours of continuous compression was measured in a previously
developed in vivo rat model with T2-weighted MRI (Stekelenburg et al., 2006a), 2
hours after the compression was removed.

Animal model

In this study, 20-week-old female Brown-Norway rats (n=11) were used, weighing
between 165 and 180 grams. Each animal was housed under standard laboratory
conditions (12h light, 12h dark cycles) and maintained on standard laboratory food
and water ad libitum. Each rat was anaesthetized for the preparation phase by
inhalation of 0.6l/min air/O2 mixture in a ratio of 2:1 with 3% isoflurane for induction
and 1% for maintenance. Vital signs (pulse and respiratory rate) were monitored and
maintained within the physiological range. The rat was placed on a heating pad to
maintain body temperature between 35-37◦C. Prior to the loading protocol, the hairs
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on the left TA region were removed by shaving. The left limb was placed in a specially
designed mould and a plaster cast was applied to ensure a firm fixation during the
loading period (Stekelenburg et al., 2006b). The experimental protocol was approved
by the Animal Care Committee of the University of Maastricht.

MR-compatible loading device

The experimental set-up is described in detail elsewhere (Stekelenburg et al., 2006b).
To review briefly, it consisted of two concentric tubes, the inner one of which housed
the animal. The outer tube was used to position the whole arrangement in a 6.3
Tesla MR scanner, operating at 270MHz (horizontal bore, diameter 95mm) with a
380mT/m gradient coil. The anaesthetized animal was placed supine in the device,
with its foot positioned in a special holder such that the leg was fixed. A birdcage
radio frequency coil was placed in a fixed position around the limb. A hole was
made in the plaster cast, which enabled the application of a plastic indenter to the
tibialis anterior region. The indenter consisted of a cylinder (diameter 3mm) attached
to a rod. The cylinder contacted the rat hindlimb with its long axis (6mm) in the
longitudinal direction of the hindlimb. This ensured that there was a region of 6mm in
length underneath the indenter with approximately equal indentation in the transverse
plane.

T2-weighted MRI

The indenter was applied to the tibialis anterior muscle of the rat hindlimb for 2
hours. Muscle damage was measured using T2-weighted MRI, as described previously
(Stekelenburg et al., 2007). A multi-echo spin echo sequence was used to obtain T2-
maps (slice thickness = 1mm, FOV = 25x25mm2, matrix size = 128x128 pixels,
number of signal averages = 2, echo time TE = 10-320ms, number of echoes = 32,
repetition time TR = 4s, fat suppression). To determine T2-values, signal intensities
(SI) of successive echoes with time (t) were fitted on a pixel-to-pixel basis to the
following equation:

SI = A + Be−t/T2 (6.1)

In the T2-map before loading, a region of interest (ROI) in the tibialis anterior muscle
was selected to determine a basal mean T2-value and standard deviation. Damage
was defined as a T2-value higher than the basal mean value plus 3 times the standard
deviation in the ROI.

6.2.2 Strain calculations

The strains in the muscle tissue resulting from the applied compression were
determined using a dedicated finite element model which has been validated recently
(Ceelen et al., 2007). It is a 2D plane stress model of a transverse slice of the rat
hindlimb, implemented in Sepran (Segal, 1984) using an updated Lagrange method,
and solved with an HSL solver (HSL, 2002).
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For each animal, 3 or 4 slices that were underneath the indenter were selected. MR
images of these slices were used to create a specific mesh for each slice with Matlab
(The Mathworks, Inc.). The tibia was assumed to be rigid and was fixed to the
surrounding soft tissues. All soft tissues in the hindlimb were modeled as a single
material with neo-Hookean material behavior. Incompressibility was assumed, leading
to the following constitutive equation for the 2D plane stress cross-section (Ceelen
et al., 2007):

σ2D = G (B2D − I/det(B2D)) (6.2)

σ2D is the Cauchy stress matrix, B2D is the left Cauchy-Green matrix, defined as
F 2DFT

2D with F 2D the deformation matrix, and G is the shear modulus. G did not
need to be specified because the model was displacement-driven and only the strain
field was evaluated.
Boundary conditions, involving fixation through the plaster cast and tibia movement,
and angle and depth of indentation were determined from MR images of the deformed
situation. The indentation was prescribed incrementally, and displacement of the tibia
was assumed to occur linearly during these increments.

Resulting displacements were quadratically interpolated onto a square grid
overlaid on the unloaded tibialis anterior, with a grid spacing of approximately
0.25mm (resolution of T2-weighted MR measurements was 0.20mm). The deformation
matrix (F 2D) in each grid point was calculated using a second-order method
to compute strains from a discrete set of displacements (Geers et al., 1996).
Subsequently, the Green-Lagrange strain (E2D) was calculated at each grid point.
This method is the same as was adopted during validation of the model (Ceelen
et al., 2007).
Three different strain parameters were determined and examined with respect to the
measured damage. Maximum in-plane compressive strain is represented by the second
principal strain. Maximum in-plane shear strain is half the difference between the first
and second in-plane principal strains and represents the largest local deformation. To
take into account strains experienced in the surrounding tissue, strain energy density
was also calculated, in 3D. Using the 3D incompressibility constraint, F 3D could be
determined from F 2D and strain energy density (SED) was then defined as:

SED =
1

2
G (tr(C3D) − 3) (6.3)

C3D is the right Cauchy-Green matrix, defined as FT
3DF 3D. The SED was

subsequently integrated over a square comprised of the surrounding grid points
(approximately 0.5×0.5mm2) and normalized to G, making the resulting strain energy
dimensionless.

6.2.3 Strain - damage relationship

The grid on which the strain calculations were performed was also imposed on
the damage maps to interpolate the damage information onto the grid. After
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unloading however, when the damage was measured, the contours of the hindlimb
had slightly changed with respect to the situation before loading (figure 6.2). In
order to accommodate this deformation, the displaced contours were detected and
used as essential boundary conditions in two consecutive 1D Poisson equations to
calculate displacements with respect to the initial mesh. This displacement field was
interpolated onto the grid points to apply this deformation to the grid and adapt
the grid to the situation in which damage was measured. Damage was subsequently
interpolated onto this deformed grid, and thus strain and damage data were available
in identical locations.
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Figure 6.2: MR images of a rat hindlimb before loading (a) and after unloading
(b): The contours from (a) are used to produce a mesh and are
superimposed in (b) (white curves) to show that they do not fit the
situation after unloading. The contours from (b) are used as boundary
conditions to transform the mesh to the situation after unloading (b).
The transformation is also applied to the grid (small black dots), and
then damage is interpolated onto this transformed grid (large white
dots). Grid and damage are then transformed back to the situation
before loading (a). (scale bars 2mm)

To quantify the relationship between strain and damage, the calculated strain
values were divided into 5 categories covering the total range. In each category,
the number of grid points with and without damage was determined. The relative
damaged area could then be determined for each slice and a mean value calculated
per experiment. To combine all experiments, the mean damaged and non-damaged
areas were summed in each category and the relative damaged area was subsequently
calculated. In this way, experiments in which a certain strain category contained only
a few grid points did not contribute as much to the overall relative damaged area as
experiments with many grid points in that strain category.

To examine whether the relative damaged areas were identical for the individual
experiments, a one-way ANOVA was used to compare the means in each category.
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When the standard deviations of the experiments differed significantly according to
Levene’s test, means were weighed with 1/variance. The Bonferroni post-hoc test
with a significance level of 0.05 was used to identify which pairs of experiments were
different.
The same statistical procedure was used to test the significance of the increases in
relative damaged area with increasing strain.

6.3 Results

6.3.1 Damage

Damage was present in 7 out of 11 experiments and was located in a relatively narrow
region extending from the skin underneath the indenter to the tibia (figures 6.3(a)
and 6.3(b)). The location of the damage in the deformed configuration can be seen in
figure 6.3(c). Often, damage was also observed in the far corner of the tibialis anterior
muscle adjacent to the tibia (indicated by ellipses in figures 6.3(b) and 6.3(c)). Muscle
damage represented the focus of the study and thus the skin layer was excluded from
any of the analyses.
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Figure 6.3: Damage locations of experiment 1 as high intensity pixels on a map of
T2-relaxation times (a), and as white dots after interpolation on the
grid on MR images of the undeformed (b) and deformed (c) hindlimb.
The black ellipses indicate the distinct region where damage was always
evident, in addition to the large damaged area between the indenter and
the tibia. (scale bars 2mm)

6.3.2 Strain - damage relationship

Figure 6.4 shows the initial and deformed contours as predicted by the model for
three typical examples. They represent the full range of results, from no discernible
damage to considerable damage.
In 4 out of 11 experiments, no damage was evident. The highest maximum shear
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Table 6.1: Strain categories

category 1 2 3 4 5

maximum shear strain 0-0.3 0.3-0.5 0.5-0.7 0.7-0.9 >0.9
maximum compressive strain 0-0.15 0.15-0.25 0.25-0.35 0.35-0.45 >0.45
normalized strain energy 0-0.15 0.15-0.25 0.25-0.35 0.35-0.45 >0.45

strain in these experiments was less than ∼0.65 (example in figure 6.4(d)), whereas
in the experiments with damage, maximum shear strains exceeded ∼0.75 in some
locations (examples in figures 6.4(e) and 6.4(f)). The maximum normalized strain
energy in the experiments without damage did not exceed ∼0.35, whereas it exceeded
∼0.45 in the experiments with damage. For maximum compressive strain, no such
threshold value was identified.
In 7 out of 11 experiments, varying amounts of damage were observed. Plotting
damage and strains on the grid in a single figure revealed that there was a large
overlap between damage and high maximum shear strains (example in figure 6.4(f)).
Moreover, the total amount of damage was smaller in experiments with lower
maximum shear strains (example in figure 6.4(e)).

For the experiments with damage the relationships between the three selected
strain parameters and damage were determined. Pooled distributions for each
parameter are illustrated in figure 6.5. Considering these, the strain values were
divided into 5 categories according to table 6.1. This division ensured a category
bound corresponding to the above mentioned threshold values for maximum shear
strain and normalized strain energy. Moreover, the highest categories of all three
strain parameters contained 2-3% of the total number of grid points.
In each category, the relative damaged area was calculated for the combined
experiments for each of the selected strain parameters. There was a monotonic
increase in damage with increasing strain for all three parameters (figure 6.6). The
relationship was most pronounced for maximum shear strains and strain energy
(figures 6.6(a) and 6.6(c)), with damage in ∼70% of the area with maximum shear
strains in excess of 0.9 or normalized strain energy in excess of 0.45. For maximum
compressive strain, the damaged area was less than 60% in the highest category. For
both maximum compressive strain and strain energy, the increase in the individual
experiments was however not monotonic in 3 out of 7 cases (data not shown).
With respect to maximum shear strains, examination of the data from the 7 individual
experiments revealed that the relative damaged area increased monotonically with
maximum shear strain for all but experiment 5 (figure 6.7). Increases were not
significant for every category, but in experiments 1, 4, 6, 7 and 8, the relative damaged
area in the highest available category was significantly higher than in the 3 lowest
categories.
Nonetheless, damage was still evident in the three lowest maximum shear strain
categories, although these strains are below the previously mentioned threshold value
(0.65-0.75). Damage in these low strain categories was always located closer to the
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Figure 6.4: MR images and model contours of experiments 11, 8 and 1 (a, b and
c respectively) with the corresponding maximum shear strain fields
and damage locations (d-f). (a-c) Orange lines indicate the initial,
undeformed contours, and yellow lines are deformed contours. The light
grey outlined shape in the upper right corner is the indenter in its final
position, and the blue square indicates the ROI covered by the grid.
(scale bars 2mm) (d-f) Color maps of maximum shear strains in the
ROIs (squares in a-c) for experiments in a-c with white dots in black
circles on the locations of damage 2 hours after unloading.
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Figure 6.5: Pooled distributions of maximum shear strain (a), maximum
compressive strain (b) and normalized strain energy (c). The small
arrow in (c) indicates that the number of grid points with very low
strain energy was actually ∼7000. Note that scales differ.

0.0 0.3 0.5 0.7 0.9
0.0

0.2

0.4

0.6

0.8

1.0

maximum shear strain

re
la

tiv
e 

da
m

ag
ed

 a
re

a

(a)

0.0 0.15 0.25 0.35 0.45
0.0

0.2

0.4

0.6

0.8

1.0

maximum compressive strain

re
la

tiv
e 

da
m

ag
ed

 a
re

a

(b)

0.0 0.15 0.25 0.35 0.45
0.0

0.2

0.4

0.6

0.8

1.0

strain energy

re
la

tiv
e 

da
m

ag
ed

 a
re

a

(c)

Figure 6.6: Relative damaged areas as a function of maximum shear strain (a),
maximum compressive strain (b) and normalized strain energy (c) for
the pooled data from all the experiments with damage.
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bone than to the skin surface. It was either continuous with the damage in the higher
strain categories, or in the location depicted by the ellipses in figure 6.3.
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Figure 6.7: Mean relative damaged areas and standard deviations in the 5 max
shear strain categories for each experiment with damage. The relative
damaged areas for all slices of an experiment were averaged to obtain
the mean value. (’n’ means that there were no maximum shear strains
in this category)

Figure 6.7 further shows that the monotonic increase in damaged area with maximum
shear strain is very similar for the individual experiments. Table 6.2 lists the
significant differences between the experiments per category. There were two
experiments that differed significantly from the general trend. In experiment 5, the
relative damaged area in the highest category was zero. The high shear strain area
was located more closely to the skin surface than most of the damaged area and both
areas were relatively small. In experiment 7, the relative damaged areas in the three
lowest categories were higher than in the other experiments. Damage in the location
depicted by the ellipses in figure 6.3, was more pronounced in this experiment than in
other experiments. Among the other 5 experiments, the relative damaged areas did
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Table 6.2: Significant differences between relative damaged areas in the 5 categories
of maximum shear strains

max shear strain 0.0-0.3 0.3-0.5 0.5-0.7 0.7-0.9 >0.9
significantly different with experiments

experiment 1 4, 7 7 - - 5
experiment 3 4 8 - - n
experiment 4 1, 3, 5, 6, 8 8 7 - 5
experiment 5 4, 7 7, 8 7 6, 7 1, 4, 6, 7
experiment 6 4, 7 8 - 5 5
experiment 7 1, 5, 6, 8 1, 5, 8 4, 5, 8 5 5
experiment 8 4, 7 3, 4, 5, 6, 7 7 - n

n: there were no maximum shear strains in this category.
All other comparisons were not statistically significant (p<0.05).

not differ significantly in more than one category. Moreover, there were no significant
differences at all with respect to the three highest categories among these experiments
(table 6.2).

6.4 Discussion

In the present study, an attempt was made at defining a relationship between internal
tissue strains and damage due to sustained deformation. A dedicated finite element
model was used to calculate strains in the muscle tissues of rat hindlimbs in which
damage was assessed using T2-weighted MRI, after 2 hours of continuous compression
(Bosboom et al., 2003; Stekelenburg et al., 2006a). Although tissue swelling and
structural damage could not be distinguished, both conditions will inevitably be
associated with reduced tissue integrity.
Damage was evaluated as a discrete quantity, implying that there was either damage
or not. The threshold for this distinction was prescribed as the mean plus three
times the standard deviation of the T2-relaxation times in the tibialis anterior muscle
before loading (Bosboom et al., 2003). Accordingly, the damage in the cells in a voxel
(0.20x0.20x1.0mm3) had to be significant to raise the T2-relaxation time above the
threshold value.

The geometry of the model that was used to calculate tissue strains was
adapted to each individual experiment. Validation with MR tagging experiments
demonstrated that the model provided reasonable strain predictions (Ceelen et al.,
2007). Although this approach generally underestimated the true strain, there was
a linear relation between numerical strains and strains derived from MR tagging
experiments. However, the model does not take into account anatomical structures
in the rat hindlimb other than the tibia. Neglecting internal structures such as the
fascia, could explain why the model failed to predict higher strains in the far corner
of the tibialis anterior adjacent to the tibia (indicated by ellipses in figures 6.3(b)
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and 6.3(c)). Furthermore, interpolation of the numerical displacement values and
calculation of the corresponding deformation matrices according to the method of
Geers et al. (1996), introduced a certain amount of smoothing to the resulting strain
values.
Nonetheless, although it is unwise to extrapolate directly to absolute strain values,
the adopted method proved to be very useful for a local comparison between internal
strains and damage.

The relationship between damage and strain was examined for three strain
parameters, i.e. maximum shear strain, maximum compressive strain and strain
energy. In the 4 out of 11 experiments in which no damage was detected, the
maximum shear strain and the normalized strain energy did not exceed ∼0.65 and
∼0.35 respectively, in any of the 3-4 transverse slices. By contrast, damage was
evident in experiments which yielded maximum shear strains in excess of ∼0.75 and
strain energies in excess of ∼0.45 in at least one transverse slice. No such threshold
was identified for the maximum compressive strain.
It should be noted that these aforementioned threshold values should not be seen as
the absolute damage thresholds, but rather as an indication that such a threshold
exists.

For the experiments in which these thresholds were exceeded, there was a
monotonic increase in the relative damaged area with increasing strain (figure 6.6).
The relationship proved to be stronger for maximum shear strains than for maximum
compressive strains, i.e. the percentage damaged area for the highest category strains
was larger. This is in agreement with a longstanding result from an animal model
which indicated a tolerance of skeletal muscle tissues to high compressive strains
(Husain, 1953).
For strain energy, the relationship was very similar to that for maximum shear strain.
Thus, accounting for other strain components in the direct neighborhood as is included
in the strain energy does not seem to increase the predictive value in comparison to
the maximum shear strain alone. The true deformation of cells seems to provide a
good indication of damage locations. Hence, the relationship between damage and
maximum shear strains was highlighted in the subsequent results.

Damage only developed when a threshold value of strain was exceeded, but
subsequently, it was not confined to areas of large strains, suggesting that it spread
from a local area in which it was initiated. This possibly reflects the inhomogeneity
of the tissue, which was not accounted for in the present model. A certain maximum
shear strain at a grid point is an average of the true strains experienced by the cells
surrounding that grid point.
In a comparative study involving strain energy density, Breuls et al. (2002) predicted
local cell deformations in a multilevel finite element model in which pressure was
applied at the macro-scale and strain energy density levels were evaluated at the
micro-scale. They found that large differences could exist between the individual
cells and that some cells could experience deformations that exceeded the macroscopic
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deformation. Thus, even in low-strain areas, some cells may experience high strains,
which may lead to damage and might explain the observed damage at low strains.
An alternative explanation might be found in a study by Gefen et al. (2005), who also
combined finite element modeling and damage experiments. In their experiments,
they applied a constant load to a rat hindlimb muscle for 15 minutes to 2 hours,
and measured the shear modulus before and after loading. Muscle tissue stiffened
after certain pressure intervals, and the effect of this stiffening was simulated in a
numerical model of human buttocks. The stiffening was introduced locally at sites
where the internal stress exceeded the experimentally applied pressure. This resulted
in a progressively increasing area of high stress, which was proposed to enhance the
potential for cell death. A similar mechanism is possible in the present study if
damaged tissue became stiffer, resulting in larger strains on the surrounding tissue,
which could exceed the threshold for damage.

The relationship between damage and maximum shear strain was very similar in
the majority of the experiments (5 out of 7, figure 6.7), with no significant differences
in relative damaged areas with respect to the three highest maximum shear strain
categories. The exceptions are probably due to limitations of the model, as were
discussed above. The observed reproducibility in the relationship between damage and
maximum shear strain suggests that it is a material property reflecting a sensitivity
to deformation. It is still unclear however which structures of the muscle tissue are
responsible for this sensitivity.

In conclusion, the present study provides strong evidence for deformation as a
direct cause for initiating short-term skeletal muscle damage. To our knowledge,
this represents the first study that compares local tissue status to local strains in
an attempt to find a material property that reflects sensitivity to strain. It was
found that damage developed when a threshold value of maximum shear strain or
strain energy was exceeded. In this case, there was a large overlap between areas
of high maximum shear strains and damage. The relative damaged area increased
monotonically with increasing maximum shear strain. Moreover, this relationship
between maximum shear strain and damage seemed to reflect a material property, as
it applied across a substantial number of the experiments.
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7.1 Introductory remarks

Current pressure ulcer classification schemes are based on the depth of the wound
(Shea, 1975; EPUAP, 1998), ranging from superficial, grade I pressure ulcers, to deep,
grade IV pressure ulcers penetrating fascia and affecting subcutaneous muscle tissue.
Type IV or deep pressure ulcers can either be the result of progressive deterioration of
a pressure ulcer that was initiated in the skin or they can start in deep tissue layers.
The latter have gained recent attention as a specific class of pressure ulcers, called
pressure-related deep tissue injury (Ankrom et al., 2005; Donnelly, 2005; Black, 2005).
There is no consensus to the diagnosis and classification of these ulcers. Thus their
treatment can be inappropriate, as well as the use of valuable resources (Ankrom et al.,
2005). In order to improve this situation, more knowledge about the pathogenesis of
deep tissue injury is needed, which differs from that of deep pressure ulcers initiated
in the skin. Prevention of deep tissue injury or detection at an early stage is crucial
because it can turn into a large and deep wound that is associated with problematic
healing and a variable prognosis.

Several attempts have been made at unraveling the underlying damage pathways
of deep pressure ulcers, mostly focused on compression-induced ischaemia (Daniel
et al., 1981; Kosiak, 1961; Kwan et al., 2007) and, more recently, on the importance of
reperfusion injury (Grisotto et al., 2000; Sundin et al., 2000). Additionally, several in

vitro and in vivo experiments revealed a role for cellular deformation in the initiation
of damage (Bouten et al., 2001; Breuls et al., 2003a; Wang et al., 2005; Gawlitta et al.,
2007a; Stekelenburg et al., 2007). Several numerical studies have also addressed the
issue of deformation as a direct cause for damage (Oomens et al., 2003; Breuls et al.,
2003b; Bosboom, 2003; Linder-Ganz et al., 2008).

The focus of the present thesis was on increasing the understanding of the
contribution of cellular deformation and ischaemia to compression-induced skeletal
muscle injury, using numerical modeling at different hierarchical levels. Most of
these models were primarily aimed at describing and interpreting in vitro and in vivo

experiments that were performed in our research group in recent years (Stekelenburg
et al., 2006a, 2007; Gawlitta et al., 2007a,b). This implied modeling of transport
processes and metabolism as well as deformation at a micro-mechanical and macro-
mechanical scale.
First, a micro-mechanical model for oxygen transport and consumption was developed
to study compression-induced ischaemia. To include damage directly due to cellular
deformation and study the interaction between the damage pathways from ischaemia
and deformation, a damage law for deformation had to be established. Chapter
3 describes such a law in testing the hypothesis that deformation leads to a large
calcium influx, mediating cellular breakdown. In chapter 4, the combined effects of
ischaemia and deformation were evaluated using a finite element model to interpret
experimental results with tissue-engineered skeletal muscle constructs (Gawlitta et al.,
2007b). Chapters 5 and 6 are devoted to the relation between deformation and damage
at the tissue level in an animal model (Stekelenburg et al., 2007). The development
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of a dedicated finite element model provided an estimate of the internal strains in the
muscle tissue in which damage was measured.
This chapter discusses the applied experimental and theoretical models as well as their
major findings and the clinical implications and suggestions for future research.

7.2 Model systems

In this work, a numerical modeling approach was adopted to contribute to a further
understanding of the aetiology of pressure-related deep tissue injury. These models
were validated, however, with data from experimental studies.

7.2.1 Experimental models

The experimental models that were used in this thesis were all aimed at measuring
the effects of deformation and/or ischaemia, both in vitro and in vivo, in an attempt
at identifying the relationship between deformation/ischaemia and damage. Cell
or tissue status was assessed by measuring ion concentrations, cell death markers,
metabolite concentrations or T2-relaxation times, which are all directly or indirectly
associated with viability. At a small length scale, damage mechanisms can be studied.
Chapter 3 focuses on the mechanism that could be responsible for deformation-
induced damage at the cell level, whereas the animal model in chapter 6 addresses
the local relationship between deformation and damage without considering a damage
pathway. The effect of the cell-level damage mechanisms is studied at the relatively
large length scale of these animal experiments. The experiments used in chapter 4
combine deformation and ischaemia. The global effect of deformation is measured as
well as the effects of several different conditions associated with ischaemia. Hence,
chapters 3 and 4 both deal with underlying mechanisms of either deformation or
ischaemic damage, and the experiments in chapter 6 are complementary in a way
that they examine damage after sustained external loading which induces both cellular
deformation and ischaemia.

More specifically, the objective of the in vitro experiments in chapter 3 was to
study the calcium response of muscle cells to mechanical deformation, in an attempt
to find a generic mechanism combining deformation- and ischaemia-induced damage.
To circumvent the differences between the environment of mature human muscle fibers
and myotubes in a tissue-engineered muscle construct, single-cell experiments were
employed.

Gawlitta et al. (2004, 2007a) developed an experimental model of tissue-engineered
skeletal muscle constructs, consisting of aligned mouse myotubes, representative of
muscle fibers in mature human muscles in the absence of blood and lymph vessels. The
advantage of an in vitro approach is that different damaging processes can be studied
relatively independently of one another in separate experiments. The sensitivity of
muscle cells to glucose and oxygen deprivation, lactate accumulation and cellular
deformation were tested without confounding effects of other cell types that would
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be present in native skeletal muscle tissue (Gawlitta et al., 2007b). A disadvantage
of the experimental method that was adopted was that monitoring took place in the
medium surrounding the muscle construct, offering only a global indirect measure of
tissue status, subject to diffusion limitations. Chapter 4 describes a theoretical model
that was developed to circumvent the disadvantages of such indirect measurements
and which could account for deformation-induced changes in diffusion properties.

In vivo experiments were used to find a direct local relationship between
deformation and damage. The animal experiments that were used in chapters 5 and 6
are part of an ongoing series of experiments that was started several years ago, aimed
at finding a local damage criterion in skeletal muscles (Bosboom et al., 2001, 2003;
Stekelenburg et al., 2006a, 2007). Until this series, previous animal experiments in
pressure ulcer research applied and measured global external loading and compared
this to internal damage (Kosiak, 1959, 1961; Dinsdale, 1974; Nola and Vistnes, 1980;
Daniel et al., 1981; Salcido et al., 1994). Although these individual experiments
demonstrated similar trends, there were distinct quantitative differences between the
various animal models and the response predicted from human data (Reswick and
Rogers, 1976). Indeed, a thorough comparison between different experimental set-
ups can only be made when a real material property is measured, implying local
measurement of a mechanical or metabolic state and the resulting damage initiation.
Bosboom et al. (2001, 2003) started the series of experiments by means of a 3D
reconstruction of local mechanically induced damage using histology and MRI. The
authors showed the validity of T2-weighted MRI for damage assessment, but it
was clear that loading should be better controlled and knowledge on the internal
mechanical state was required.
Stekelenburg et al. (2006b) built a set-up in which loading was applied in a controlled
manner inside the MR-scanner. In addition to damage measurements, this allowed
measurement of perfusion during compression and local deformation by means of
contrast-enhanced MRI and MR tagging, respectively. From these experiments,
it became evident that not ischaemia but deformation was the primary cause of
initial damage (Stekelenburg et al., 2007). It was not possible, however, to find a
damage criterion that might be considered a material property. The reason was that
deformation measurements could not be directly coupled to damage measurements,
and there were large inter-animal differences. Only animal-specific modeling could
solve this problem.
Chapter 5 describes the development and validation of such a model. MR tagging
measurements were used for validation, although they require rapid repetitive
indentations while damage is measured after a period of sustained indentation. This
means that the situation that is captured by the MR tagging measurements does not
include any viscous effects that might change the deformation state during long-term
compression. Nevertheless, the MR tagging measurements were assumed to give a
reasonable representation of the internal deformations during sustained compression
leading to the damage measured with T2-weighted MRI (chapter 6).
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7.2.2 Ethical considerations

In this project several experimental methods were applied, ranging from cell- and
tissue-engineering experiments to animal experiments. The former two methods were
used to study basic cell responses, in order to identify important damage pathways.
With that knowledge, animal experiments were used to study the integrated response
to prolonged pressure, which is an indispensable step before clinical studies can be
performed.
Since we are interested in early detection, the initiation of damage was studied,
meaning that the harm inflicted on the animals was minimal and typically only at
the cellular level. By performing the experiments in an MR apparatus the applied
deformation can be measured, improving reproducibility and thereby decreasing the
number of animals needed. The MR measurements enabled the development of
a dedicated finite element model to provide detailed information on the internal
tissue strains of the animals during the experiments. Besides enabling a precise
interpretation of the experimental results, the model might reduce the number of
future animal experiments as we found a highly reproducible relation between tissue
deformation and damage, indicative of a material property.

7.2.3 Numerical models

The numerical models developed in this thesis were used to describe trends in
damage without aiming to give absolute values. The model in chapter 2 was
used to examine the consequences of cell death for further damage development
due to pressure-induced ischaemia. It was used as a phenomenological model to
study how deformation influenced the interaction between oxygen transport processes
and metabolism and cell death, at the microstructural level. Chapter 4 is aimed
at describing a trend in damage with time, due to combinations of deformation
and several ischaemic conditions at a larger length scale. Metabolic relationships
and diffusion characteristics were used to describe phenomena that could explain
measurements of deformation- and ischaemia-induced damage in the experiments of
Gawlitta et al. (2007b). Hence, the models in chapters 2 and 4 are both concerned
with metabolism and deformation-induced transport limitations. In chapter 6, the
damage resulting from the sum of all these processes was coupled to strain, at the
macro-level.

In particular, in chapter 2 hypoxia was assumed to represent the major harmful
condition associated with ischaemia. The damage law that was used to describe
hypoxic cell death was based on an experimental study in which the extent of
necrosis was measured after varying periods of complete ischaemia (Labbe et al.,
1987). Accordingly, it might be argued that the model describes ischaemic damage,
encompassing more than only hypoxia. However, oxygen transport in the blood and
oxygen diffusion through the tissue were described, and the ischaemic data of Labbe
et al. (1987) only provided an estimation of the sensitivity of the muscle tissue to the
resulting hypoxic conditions.
Nonetheless, this model acts as a sound basis for an extended description of ischaemic
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damage as well as deformation-induced cellular damage.

The experiments of Gawlitta et al. (2007b) indicate that there are other
conditions associated with ischaemia than hypoxia that are important with respect
to deformation-induced injury. The model that was developed in chapter 4 described
metabolism and diffusion in the appropriate experimental geometry to extract
information for damage laws for ischaemia and deformation from these experiments
(Gawlitta et al., 2007b) and elucidate the influence of the measurement method on
the experimental results. Since compression limited diffusion of the cell death marker
(Gefen et al., 2007), but was also thought to induce cell death (Gawlitta et al., 2007a;
Bouten et al., 2001; Breuls et al., 2003a), interpretation of the experimental results
was complicated. In the model, these different effects of compression could be studied
separately, enabling a better analysis of the experimental results.

The finite element model in chapters 5 and 6 was used to find a trend in damage
with deformation, and examine the existence of a strain threshold for damage. It
represented the last phase of a series of animal experiments that was aimed at finding
a relation between damage and local muscle deformation. It was exclusively based on
geometry, implicating that the unloaded and deformed geometry of the transverse
slices from the MR-measurements had to be described as accurately as possible.
Validation of the model with MR tagging experiments showed that internal tissue
strains calculated by the model largely agreed with strains derived from the MR
tagging experiments (figure 5.7). Disregarding viscous effects, anisotropy and internal
structures such as the fascia around the muscle are some serious limitations of the
present model however. Despite these limitations, it proved possible to reduce inter-
animal variability considerably and to approximate a material-based damage model.

7.3 Main results

The present thesis showed that theoretical modeling can be a valuable addition to both
in vitro and in vivo experimental results. Both in chapter 4 and in chapter 6, the close
association between theoretical models and experiments improved the interpretation
of the experiments. As an example, the indirect experimental measurement method
from Gawlitta et al. (2007b) failed to demonstrate the effect of compression on tissue
viability. Taking into account the compression-induced diffusion limitation (Gefen
et al., 2007), the model in chapter 4 did indicate a clear short-term contribution of
compression to the observed damage. In chapter 6, a dedicated finite element model
was designed to provide internal deformation data that could not be measured during
the sustained deformation experiments of Stekelenburg et al. (2007). The result was
that damage and deformation could definitively be correlated. It was found that
damage was only present when the maximum shear strain exceeded a certain threshold
value (figure 6.4). Furthermore, the relationship between maximum shear strains and
damage was highly similar for the majority of the rats (figure 6.7), suggesting that
it is a muscle property. This property would reflect a sensitivity of muscle tissue to
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deformation, but it is unclear yet which tissue component or structure determines
this sensitivity.

It was found that damage largely coincided with areas of high maximum shear
strain, but was not confined to these areas. The latter finding could be due to the
heterogeneity in the muscle tissue at the micro-level. Adjacent muscle fibers may
experience different strains as a result of their mechanical properties and relative
location with respect to other structures. Moreover, cell death will be accompanied by
a change in mechanical properties (Linder-Ganz and Gefen, 2004; Gefen et al., 2005).
This will affect its environment, as has been demonstrated in chapter 2 where damage
reinforced heterogeneity at the micro-level. It became clear from the microstructural
model that capillary patency depended on the local mechanical environment, which
changes after cell death.
Chapter 3 showed the existence of heterogeneity at the cellular level in a tissue-
engineered muscle monolayer with respect to calcium responses to compression
(figures 3.4 and 3.5). Moreover, an interaction was observed between the cells
when one cell died. The calcium up-regulation that accompanied cell death, was
spread to adjacent viable cells. This confirms the importance of microstructural
models such as in chapter 2. However, the experiments did not show a consistently
elevated intracellular calcium concentration that could initiate calpain-mediated
cellular destruction, as was hypothesized.

7.4 Future research and clinical implications

The studies that were presented in this thesis are part of a larger research programme
aiming at early detection and prevention of pressure-related deep tissue injury.
Considerable experimental evidence had been gathered at different hierarchical scales
to improve the aetiological knowledge on deep pressure ulcers. In the present thesis,
an attempt has been made to couple these hierarchical scales using numerical models,
and provide a more integrated view of what happens in muscle tissue when it is
subjected to large external pressures.

The results from this thesis confirm the importance of clarifying the effects of
ischaemia and deformation, at both cellular and tissue levels, in order to find strategies
to adequately prevent and/or detect pressure-related deep tissue injury. Damage is
initiated at the cellular level and damage pathways can be studied at this level.
However, damage will be detected or prevented at the tissue/body levels, so it is very
important to know the effect of cellular processes at these scales. A multi-level model
would be very convenient to study the interactions that are involved.
Such a model should have realistic geometrical and physical properties at the micro-
level (Breuls et al., 2002) to study the strains at that level which are associated with
the damage threshold for maximum shear strain, which was found at the macro-level.
Questions to be answered would include: Is it true that there are large differences in
strains experienced by neighboring cells (Breuls et al., 2002)? What is the consequence
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for the strains in surrounding cells and the damage if one cell dies and becomes more
stiff?
To combine damage due to cellular deformation with ischaemic damage, a temporal
profile of deformation-induced damage is needed. With the experimental model from
Stekelenburg et al. (2006a), local damage could be assessed after shorter compression
periods to see if high pressures or large deformations induce damage independent of
the loading period, as was hypothesized in figure 1.2. On the other hand, examining
damage after longer loading periods would add ischaemic damage to the deformation
damage, which would give valuable information about the interaction of the two
processes. With respect to predicting internal strains during such long-term loading
periods, it would be necessary to include the influence of damage on mechanical
properties.
A damage law for ischaemia could be based on the one used in chapter 2, but extended
to include the metabolic relationships that were examined in chapter 4.

Currently, research at our university is directed at the development of a sensor
for early detection of pressure-induced deep tissue injury. Such a sensor would have
to be based on a simple method, either physical or biochemical in nature, to assess
the presence of damage in skeletal muscle tissue specifically. An example of the latter
might include the analysis of markers in blood which could identify early muscle
damage. It should be realized that such a measurement is indirect, i.e. a global
quantity is used to indicate local tissue status. Similar numerical analyses as were
performed in chapter 4 might prove useful for interpretation of the results.
Moreover, it is important to know at what point damage becomes irreversible to be
able to interpret damage measurements and define thresholds. Stekelenburg et al.

(2008) assumed that the threshold between reversible and persistent damage was
fixed at a certain percentage of tissue damage. Furthermore, they hypothesized
that damage initiation would be time-independent for very high strains, but that
the subsequent rate of damage development would increase with increasing strain.
This implied that the time needed to acquire a certain percentage of tissue damage
increased with decreasing strain.
The in vivo pressure-induced damage that was studied in this thesis was short-
term damage, and hence, no discrimination could be made between reversible and
irreversible damage. It would be very interesting to analyze damage measured 24
hours after unloading of the rat hindlimbs, using a method similar to that adopted
in chapter 6. In this way, it could be identified which proportion of the damage
present 2 hours after unloading was irreversible and which proportion was recoverable.
Furthermore, irreversible damage could be associated with a shift in the strain
threshold level for short-term damage that was found in chapter 6.

To date, the model has only been used in the situation where healthy tissue was
loaded in one specific situation. Measuring damage with T2-weighted MRI in a rat
hindlimb muscle after a geometrically different mechanical loading situation than was
applied in chapter 6, could provide further proof of the relation between the amount
of damage and maximum shear strain that was found.
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The question remains whether muscle tissue of pressure ulcer sensitive individuals,
such as the spinal cord injured, exhibits the same properties with respect to damage
due to high shear strains. Muscle disuse causes many adaptations in muscle tissue
that could explain their increased vulnerability for pressure ulcer development. For
example, there is a decrease in vascularity (Tyml and Mathieu-Costello, 2001), muscle
atrophy (Castro et al., 1999; Kern et al., 2004; Modlesky et al., 2004; Scelsi, 2001), fat
infiltration (Scelsi, 2001) and an increase in intramuscular connective tissue (Järvinen
et al., 2002; Scelsi, 2001). It would thus be very useful to see if repeating the animal
experiments with spinal cord transected rats would still lead to the same relationship
between maximum shear strain and damage.
If the sensitivity to shear strains really is a muscle property, simulation of
loading situations after adaptation of mechanical properties might provide valuable
information for estimating the risk of damage after such tissue changes. The finite
element model of chapters 5 and 6 would have to be validated again because of the
large influence those changes have on muscle strains (Linder-Ganz et al., 2008). In
addition, it might be necessary to extend the model with different tissue layers such
as skin and fat, and internal structures such as the fascia. Moreover, developing a 3D
model would allow simulating more complicated loading geometries than indentation,
such as those more representative of sitting and lying states.

In this thesis it was shown that location and magnitude of short-term damage
could largely be explained by the internal distribution of maximum shear strains,
and that no damage would ensue when maximum shear strains remained below a
threshold level. Defining such a threshold for human muscle tissue might be helpful
for the design of patient-specific support surfaces such as wheelchair cushions or bed
mattresses.
Furthermore, the beneficial effect of electrical stimulation in the prevention of
pressure-induced deep tissue injury (Solis et al., 2007; Bogie et al., 2006) could be
explored. It has been shown that electrical stimulation enhances perfusion in human
muscle tissue (Solis et al., 2007), but the advantageous effect of such protocols might
further be explained by a restoration of muscle mass and mechanical properties
that promote a more uniform strain distribution and thereby decreases the risk
of damage. A damage threshold might be helpful for optimization of electrical
stimulation protocols with the use of numerical models.

It is further imperative that clinicians are aware of the harmful effect of even short
periods of large tissue deformation, such as could be experienced on operating tables,
stretchers or any other hard surface. It has always been assumed that even very high
external pressures would not lead to damage if they were only applied for a very short
period of time, as could be derived from the allowable-pressure versus time curves from
Reswick and Rogers (1976). The results from the present thesis indicate the initiation
of damage at a very short time scale, directly associated with large local deformations,
as postulated in figure 1.2. This might develop into deep tissue injury if no adequate
preventive measures are taken. The implication is that high external pressures or
large strains should be avoided even for short periods. This is particularly relevant
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for individuals with muscle flaccidity or otherwise compromised muscle characteristics,
because strains in their muscles will be larger than in healthy muscles when subjected
to similar external loading (Linder-Ganz et al., 2008). Moreover, malnutrition, age,
medication and certain physical conditions could all influence the capacity to repair
muscle damage, thereby shifting the threshold between reversible and irreversible
damage in unhealthy subjects to more unfavorable levels.

In conclusion, this thesis presents numerical modeling approaches designed to
identify mechanisms associated with the development of deformation-induced muscle
damage. Interactions between deformation and transport properties were studied as
well as the local relationship between deformation and damage. The most important
finding was that short-term damage could directly be correlated to areas of high
maximum shear strains, thereby strongly proposing deformation as an important
contributor to the initiation of pressure-induced deep tissue injury.
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Het modelleren van de

ontwikkeling van in vitro en

in vivo druk-gëınduceerde

spierschade

Doorligwonden, ook wel aangeduid als drukwonden of decubitus, zijn lokale
beschadigingen van huid en/of onderliggende zachte weefsels. Ze worden veroorzaakt
door aanhoudende drukbelasting. Het doel van het onderzoek beschreven in dit
proefschrift was om meer inzicht te krijgen in de ontstaansmechanismen van diepe
doorligwonden die beginnen in skeletspierweefsel. Deze wonden worden ook wel
’druk-gerelateerde diepe weefselschade’ genoemd. Grondige kennis van de aetiologie is
nodig voor vroegtijdige detectie van deze schade, objectieve risico analyse en effective
preventie.
Er is altijd gedacht dat ischaemie een belangrijke rol speelt in het veroorzaken van
doorligwonden. Het is echter onwaarschijnlijk dat het de enige oorzaak is, aangezien
skeletspiercellen niet heel gevoelig zijn voor ischaemie. Experimentele studies wijzen
erop dat deformatie direct kan leiden tot spiercelschade (Bouten et al., 2001; Breuls
et al., 2003a; Stekelenburg et al., 2007; Gawlitta et al., 2007a). Dit proefschrift
richt zich op theoretische modellen om de bijdragen van ischaemie en vervorming
op skeletspierschade door externe druk te verduidelijken. Dit wordt gedaan aan de
hand van in vitro en in vivo experimenten waarin dit soort schade gemeten is.

Een microstructureel eindige-elementen model is ontwikkeld om de interacties
tussen cellen te bestuderen bij ischaemische schade door externe druk op spierweefsel.
In het model leidde externe compressie tot vernauwde capillairen, waardoor de
zuurstoftoevoer naar de cellen beperkt werd, wat uiteindelijk leidde tot celdood.
In een dode cel stopt de zuurstofconsumptie en de mechanische stijfheid werd
verlaagd. Door de veranderde micro-mechanische situatie veranderde ook de mate
van vernauwing van de capillairen. Verdere schade-ontwikkeling werd vertraagd of
zelfs gestopt door deze effecten van celdood.
Om vervormings-gëınduceerde schade te combineren met ischaemische schade, moest
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een schadewet gevonden worden voor celschade door vervorming. Onze hypothese
was dat die gebaseerd kon worden op intracellulaire calcium-ophoping ten gevolge
van aantasting van de integriteit van de celmembraan door vervorming. Deze
hypothese is getest in celexperimenten waarin de intracellulaire calciumconcentratie
werd gevisualiseerd. De heterogeniteit in de respons van de cellen benadrukt de
relevantie van het bestuderen van schade-processen op cel-niveau. De hypothese bleek
echter onjuist, want er werd geen consistente verhoging van de calciumconcentratie
gevonden.
Daarom hebben we vervolgens het gecombineerde effect van ischaemie en vervorming
geanalyseerd met een theoretische beschrijving van in vitro experimenten van
Gawlitta et al. (2007b). In deze experimenten werden gekweekte spierconstructen
gecomprimeerd en/of blootgesteld aan ischaemie. Concentraties van metabolieten
en een marker voor celdood (LDH) werden gemeten in het medium rondom de
constructen. Het was opmerkelijk dat compressie niet leidde tot een verhoogde LDH
concentratie. Het theoretische model liet echter zien dat dit verklaard kon worden
met de compressie-gëınduceerde vertraagde diffusie van LDH (Gefen et al., 2007).
Compressie veroorzaakte wel celdood, maar de diffusie van de marker voor celdood
naar het medium was beperkt.
De lokale relatie tussen spierschade en vervorming heb ik bestudeerd aan de hand
van in vivo dierstudies van Stekelenburg et al. (2007). Door het gebruik van een
MR-compatibele belastingsopstelling konden zowel de korte-termijn schadeverdeling
als de interne rekdistributie gemeten worden met T2-gewogen MRI en MR tagging
respectievelijk. Omdat deze twee technieken niet in één protocol gecombineerd konden
worden, is een eindige-elementen model ontwikkeld om de rekken specifiek voor elk
experiment te berekenen. Dit model is gevalideerd met MR tagging experimenten.
Analyse van de schade in combinatie met de berekende rekken bewees het bestaan
van een rekdrempel voor schade-initiatie. Als de maximale afschuifrekken in de spier
de drempel overschreden, werd in de experimenten schade gemeten. Uit een lokale
vergelijking tussen de gemeten schade en de berekende maximale afschuifrekken kwam
een monotoon stijgende relatie tussen schade en rek. Bovendien was deze relatie bijna
hetzelfde voor de individuele dieren, wat suggereert dat de gevoeligheid voor schade
door rek een weefseleigenschap is.

Concluderend laat dit proefschrift zien dat theoretische modellen een waardevolle
toevoeging kunnen zijn aan in vitro en in vivo experimenten. Voor de analyse van
indirecte metingen is het belangrijk om rekening te houden met diffusie. Zo bleek
dat deformatie wel degelijk schade veroorzaakte, ook al kon deze schade niet gemeten
worden in de experimenten. Verder kon door middel van een experimenteel-numerieke
aanpak voor het eerst een rekdrempel voor schade-initiatie worden gëıdentificeerd.
Bovendien was de resulterende relatie tussen rek en schade heel reproduceerbaar. Op
deze manier zijn sterke aanwijzingen gevonden dat weefselvervorming een belangrijke
bijdrage levert aan de initiatie van druk-gerelateerde diepe weefselschade.
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