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Summary

Modeling the transport of biochemical markers in skin
Towards pressure ulcer risk assessment

Prolonged mechanical loading often results in degeneration of soft tissues, involving
both skin and/or muscle tissues, resulting in a medical condition termed decubitus or
pressure ulcers. Current risk assessment is primarily based on scales, all of which are
based on patient characteristics that can easily be recorded by nursing staff in clinical
settings. None of these scales incorporate a measure to indicate the tissue response
to applied mechanical loading. However, the use of these scales often results in
inappropriate risk assessment of the individuals. Hence, a more reliable measure, e.g.
involving physical and/or biochemical measures, is required to reflect the individual
risk of loaded tissues. In the current thesis, the transport of biochemical markers for
assessing the skin response after mechanical damage is evaluated.

For pressure ulcer risk assessment, it is preferred to measure the tissue response
non-invasively. Therefore, biochemical markers that are released by the upper layer of
the skin, the epidermis are of interest. Upon disruption of this upper layer, two main
repair pathways are initiated, involving either a difference in the ion concentration
or the release of cytokines from the cells. These two pathways were examined in
more detail to determine whether the tissue response to mechanical loading could be
assessed by measuring the ion or cytokine concentration.

A computational model was developed to elaborate on the transport processes
that were responsible for the differences in the calcium concentration. It was found
that calcium transport was most influenced by a change in the electrical potential
across the nucleated layers of the epidermis. This potential was only affected when
the stratum corneum was completely damaged and therefore, it was concluded that
calcium was not an appropriate marker to assess the tissue response after mechanical
loading.

The pathway involving release of cytokines was examined using both numerical
and experimental model systems. To model the transport of cytokines in the
epidermis, the diffusivity of these cytokines was determined using fluorescent
recovery after photobleaching. It was observed that the diffusion coefficient in

vii



viii Summary

porcine and human epidermis was comparable, whereas it was significantly lower in
tissue engineered epidermal equivalents. Other in vitro experiments were performed
in which the concentration of cytokines (IL-1α, IL-1RA, IL-8, and TNF-α) was
determined inside tissue engineered constructs and in its surrounding medium after
prolonged mechanical loading. The results indicated that for all cytokines the
concentration in the medium increased with time as response to mechanical loading
and that the total amount of cytokines remained the same during the 24 hour loading
period.

A numerical model was developed in which the transport of cytokines was
described and the release of the cytokines from the cells was estimated. It was
observed that mechanical loading increased the release of cytokines from the cells.
However, this increase did not endure the 24 hours loading period. From these in vitro

results, it was concluded that measuring cytokines was promising for determination
of the tissue response, since they were released after sustained mechanical loading.

To determine whether these cytokines could also be measured in an in vivo

situation, the release of cytokines was assessed in a non-invasive way after controlled
mechanical loading of the forearm of human volunteers. In this study, the release
of IL-1α was found to be increased in the compromised skin. Directly next to the
loading spot, the IL-1α release was comparable to the control release, meaning that
the release was local in nature. Furthermore, a temporal profile was found; the IL-
1α release remained significantly elevated for approximately 20 minutes. Release of
the cytokines IL-1RA and IL-8 was below the detection limit of the assay and could,
therefore, not be determined. With these non-invasive measurements, the cytokine
values at the top surface of the epidermis were determined as a measure for the tissue
response in the viable epidermis. Numerical simulations were performed in which it
was established that the cytokine values measured at the top surface of the stratum
corneum reflected those values in the viable epidermis.

In conclusion, the current thesis evaluates transport of biochemical markers in
the human epidermis to determine the tissue response after prolonged mechanical
loading. It proved useful to combine experimental models with numerical simulations
for a comprehensive interpretation of the experimental results. This research was
aimed at developing a reliable method to assess the susceptibility of individuals to
the development of pressure ulcers. Future work should be focused on determination
of cytokine release in combination with other markers and on determination of
differences in the values of these markers between susceptible and non-susceptible
subjects.
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2 Chapter 1

1.1 Problem definition: pressure ulcers

Pressure ulcers, also named pressure sores, bed sores or decubitus ulcers, occur in
situations in which patients are subjected to sustained mechanical loads such as
pressure, shear and/or friction. These loads might result in degeneration of soft
tissues such as skin and muscle tissue, leading to the development of pressure ulcers
(Yarkony, 1994). Pressure ulcers appear predominantly in bedridden or wheelchair
bound patients, near bony prominences such as the sacrum, trochanter, and heel.
Pressure ulcers can be painful, are difficult to treat and have a large impact on
the quality of life of the patients. Furthermore, the occurrence of pressure ulcers
represents a burden to the community in terms of cost and health care (Severens
et al., 2002).

In clinical institutions, a classification scheme is often used to distinguish four
grades of pressure ulcers (table 1.1). Approximately 50% of the prevalence of
pressure ulcers in institutions in the Netherlands are grade 1 ulcers (Halfens et al.,
2007). Since there is no clear consensus about the diagnosis of grade 1 pressure
ulcers, the overall prevalence is often calculated of grade 2 pressure ulcers or worse.
This prevalence varied from 8.2% in nursing homes to 9.1% in academic hospitals in
the Netherlands (Halfens et al., 2007). The overall weekly incidence rate was 6% per
week, meaning that of patients admitted to the hospital for more than 5 days, 6%
develop a pressure ulcer of grade 2 or worse (Schoonhoven et al., 2007).

Table 1.1: Pressure ulcer classification scheme (EPUAP, European pressure ulcer

advisory panel)

Grade 1 Non-blanchable erythema of intact skin; discoloration of the
skin, warmth, oedema or hardness may also be used as indicators.

Grade 2 Partial thickness skin loss or damage involving epidermis, dermis or both.
The ulcer is superficial and presents clinically as an abrasion or blister.

Grade 3 Full thickness skin loss involving damage to or necrosis of subcutaneous
tissue that may extend down to, but not through the underlying fascia.

Grade 4 Extensive destruction, tissue necrosis, or damage to muscle, bone or
supporting structures with or without full thickness skin loss.

Unrelieved pressure might result in tissue damage, either to the skin surface or to
subcutaneous muscle tissue overlying bony prominences. It is believed that necrosis of
muscle and subcutaneous tissue, due to prolonged pressure, might progress towards
the surface and appear as a grade 3 or 4 pressure ulcer (Ankrom et al., 2005; Black,
2005). By contrast, damage to the skin surface can result in the development of
superficial pressure ulcers, appearing as a grade 1 or 2 ulcer (table 1.1). When these
ulcers are not treated adequately, the damage might progress towards deeper lying
tissues (Ribbe and van Marum, 1993).

Although it is well acknowledged that pressure ulcers develop due to sustained
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mechanical loading, the pathways leading to the development of these ulcers have
still not been fully established. Conventional wisdom cites ischaemia as a possible
damage pathway (Chang and Seireg, 1999; Grey et al., 2006; Gawlitta et al., 2007a).
The applied pressure results in closure of the blood vessels, leading to impaired
interstitial fluid flow and insufficient delivery of nutrients. Occlusion of the lymphatic
system might result in insufficient removal of waste products. Reperfusion injury has
also been proposed to cause additional damage to the cells after a period of ischaemia
(Tsuji et al., 2005). Additionally, cell deformation has been shown to be a trigger for
soft tissue damage (Bouten et al., 2001; Gawlitta et al., 2007b; Stekelenburg et al.,
2007). Thus although these theories exists, the aetiopathogenesis of pressure ulcers
remains elusive. This limits the assessment of susceptibility of individual patients and
hence the utilization of appropriate preventive measures.

1.2 Risk assessment methods

To determine the risk of an individual to develop pressure ulcers, much research
has been performed to investigate the relationship of both pressure magnitude and
duration with tissue damage (Dinsdale, 1974; Kosiak, 1961; Nola and Vistnes, 1980).
Furthermore, the interface pressure between the body and the supporting surface
is often used to determine whether pressure ulcers will develop or not (Suriadi
et al., 2006). However, the pressure/time relation and/or the interface pressure
are insufficient to assess risk for pressure ulcer development in individual subjects
(Bader and Gant, 1988). Furthermore, risk factors, that differ between individual
subjects, are not taken into account using interface pressure for risk assessment.
Surface pressures result in inhomogeneous internal stresses and strains, especially
when the tissue geometry is complex, such as adjacent to bony prominences (Bouten
et al., 2003). Recently, a threshold for damage initiation was established related to
those internal strains in muscle tissue, and not to global tissue deformation (Ceelen,
2008).

Risk assessment scales, such as the Braden scale (Bergstrom et al., 1987), the
Norton scale (Norton, 1989), and the Waterlow scale (Waterlow, 1985) are often
used in the clinical setting to determine the risk for an individual subject to develop
pressure ulcers. From these outcomes it is determined whether or not preventive
measures should be taken. However, the risk assessment scales are open to bias and
subjectivity arising from individual interpretation (Pedley, 2004). In addition, the
positive predictive value of these scales is very small, meaning that of all the subjects
considered to be at risk, only a small number actually develop pressure ulcers (Ribbe
and van Marum, 1993; Schoonhoven, 2003). It is believed that including the tissue
response to mechanical load, by measuring biochemical or physiological markers,
improves the sensitivity and specificity of the current risk assessment methods. In
the last decades, several studies were published addressing the tissue response to
mechanical loading.
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Quintavalle et al. (2006) demonstrated that high resolution ultrasound might
prove a useful tool for early detection of pressure ulcers. Indeed, ultrasound
images obtained from patients at risk of developing pressure ulcers showed areas of
increased fluid content or edema at typical ulcer locations (i.e. heels, sacrum, ischial
tuberosity).

In other studies, temperature measurements, that were used as indication of local
ischaemia were evaluated. Sprigle et al. (2001) demonstrated that differences in
skin temperature between areas of erythema and the surrounding healthy tissue was
not discriminative in predicting pressure ulcer development. But, the temperature
recovery of tissue after unloading, followed with time seemed to be indicative for
pressure ulcer susceptibility assessment (Meijer et al., 1989).

Physiological responses of tissues to ischemia were investigated in several
experimental studies. A decrease in tissue perfusion was found during cyclic loading
(Silver-Thorn, 2002). Wang and Vadgama (2004) demonstrated that the skin
oxygenation decreased with time when blood flow in the microcirculation in the
dermis was reduced or stopped. However, in none of these studies was the tissue
response to ischemia related to the damaged state of the tissue.

Other studies focussed on the measurement of biochemical (e.g. lactate and
urea) and biophysical markers (e.g. transcutaneous oxygen pressure (TcPO2) and
the transcutaneous carbon dioxide pressure (TcPCO2)) to describe the skin status
after applied loading. Sweat lactate and urea levels were found to be increased after
prolonged loading with relatively low levels of pressure (23 mmHg) in a group of
debilitated subjects (Polliack et al., 1997). TcPCO2 levels were significantly higher in
immobile subjects compared to subjects that could move freely. Although TcPO2 levels
were most of the time higher in the mobile subject group, no significant difference
was found between both groups (Baldwin, 2001). Knight et al. (2001) showed a
reduction in TcPO2 in soft tissues after sacral loading. Accumulation of carbon dioxide
was found at pressures in excess of 80 mmHg.

The use of cytokines as measure of tissue damage was evaluated in several in vitro

studies. The release of some primary cytokines was reported to have increased after
mechanical loading of keratinocyte monolayers (Lee et al., 1997; Takei et al., 1998).
In vitro studies on human derived tissue engineered epidermal equivalents were
performed by Bronneberg (2007). A custom-built loading device was used to apply
load to these engineered equivalents (Bronneberg et al., 2006). They observed an
increase in cytokine release after prolonged mechanical loading that was dependent
on both duration and magnitude of the applied pressure.

All above mentioned methods are promising in assessing the tissue response to
mechanical loading. It is suspected that the tissue response in individual subjects that
are susceptible for pressure ulcer development is different from that in subjects who
are at minimal risk. More research is needed to establish whether these differences
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indeed exist. Furthermore, it is unlikely that a single method alone can predict
individual risk, and a mixture of different measurements is needed to correctly
determine the risk for an individual subject (Bader et al., 2005). Which factors should
be measured has to be elucidated. For early non-invasive measurements, the skin is
the most obvious tissue to examine. Therefore, the structure and the function of the
skin, and in particular its top layer, the epidermis, are described in the next paragraph.
After that, the pathways of recovery of the skin barrier are described to elaborate on
the biochemical or biophysical markers that play an important role in the recovery
process of skin damage. These markers might be useful to assess the tissue response
to mechanical loading.

1.3 Structure and function of the skin

The skin consists of three layers, which are depicted in figure 1.1. The innermost
layer, the hypodermis or subcutis, contains predominantly fat cells (Rubin and Farber,
1999). The middle layer, the dermis, is a layer of connective tissue and contains the
skin appendages such as hairs, sebaceous glands and sweat glands. In addition, blood
and lymph vessels are located in the dermis and serve for nutrition, oxygenation
and thermoregulation for both the dermis and the epidermis. The thickness of the
dermis varies between 1 mm and 4 mm over the surface of the body (Junqueira
et al., 1996). The epidermis is an avascular epithelial layer with a thickness varying
between 100 and 150 µm (Menon, 2002). The main function of the human skin is
that of protection, involving physical, chemical, immune, pathogen, UV radiation and
free radical defenses.

Figure 1.1: Schematic cross-section of the total skin. The layered structure of the

epidermis is depicted in more detail in the right part.
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The present thesis focuses on the epidermis, since it is expected that markers that
could be measured non-invasively result from this layer. The epidermis is a stratified
epithelium, consisting of four different layers (strata), defined by position, shape,
morphology and state of differentiation of the keratinocyte, the main cell type of
the epidermis (right part of figure 1.1). Other cells present in the epidermis are
melanocytes and Langerhans cells. The epidermal tissue is renewed constantly; cells
are lost from the surface of the stratum corneum by desquamation and this loss is
balanced by cell division and growth in the stratum basale (Bouwstra et al., 2003).

The stratum basale is a single layer of cells, which remains attached to the
basement membrane that separates the epidermis from the dermis. To increase
this interface, the dermo-epidermal junction has a corrugated shape in which the
dermal papillae penetrate the epidermis that shows roughly interpapillary rete
pegs (figure 1.1). Differentiation of the keratinocytes start upon leaving the basal
layer. The keratinocytes undergo structural and compositional changes during the
migration through the stratum spinosum and stratum granulosum. Furthermore,
they synthesize and produce different proteins and lipids during their maturation. At
the top of the stratum granulosum, the keratinocytes are triggered to transform into
corneocytes to form the non-viable stratum corneum. The corneocytes are embedded
in a lipid rich matrix, resulting in a decrease of the water content in this latter layer
compared to the viable epidermis. Accordingly, the stratum corneum has a prominent
role in the barrier function of the skin. The mechanisms that are initiated when this
barrier function is lost are addressed in the next section.

1.4 Mechanisms for barrier recovery

When the barrier function of the skin is perturbed, a recovery response is initiated,
leading to restoration of the skin barrier. This recovery results from secretion of
sufficient extracellular lipids to the stratum corneum interstices and the organization
of the newly-delivered lipids into the lamellar structure. The rate of barrier recovery
depends on species, age, and the extent of the insult (Elias et al., 1999).

Two possible mechanisms are proposed that initiate barrier recovery, which are
illustrated in figure 1.2 (Elias et al., 1999). The first mechanism (the left part of
figure 1.2) is associated with a change in ion concentration. Under physiological
conditions, ionic gradients involving calcium, potassium and magnesium are present
across the nucleated epidermal layers (Elias et al., 1998; Forslind et al., 1995; Mauro
et al., 1998; Pallon et al., 1996; von Zglinicki et al., 1993). In particular, calcium
is known to have a specific role in epidermal differentiation. Due to the low calcium
concentration in the stratum germinativum, the keratinocytes are kept as a monolayer
in basal position (Alberts et al., 1994). In the stratum granulosum, the influx of
calcium in the cytosol of keratinocytes is believed to trigger the transformation of
these cells into corneocytes (Menon, 2002).
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Figure 1.2: Possible mechanisms of epidermal barrier repair after perturbation (adapted

from Elias et al. (1999)).

After barrier disruption, accelerated movement of fluid and calcium through the
stratum corneum is observed, resulting in disappearance of the normal epidermal
calcium gradient (Menon et al., 1992). Furthermore, the electrical properties of the
epidermis change, again resulting in a transport of ions (Edelberg, 1977; Jaffe and
Vanable, 1984). Consequently, the physiological ion distribution in the disturbed skin
is lost (Elias, 1994), leading to a reorganization of the lipids that restore the epidermal
barrier. The ion gradients are reformed simultaneously and the epidermal processes
occur at their normal rate.

In experimental studies, the influence of calcium on the healing of pressure ulcers
was investigated in more detail. In a randomized trial, calcium alginate dressings
have been shown to improve the healing of pressure ulcers (Sayag et al., 1996). After
treatment, a 40% reduction in wound surface area was observed after four weeks in
the treatment group and after eight weeks in the control group. Sequential treatment
with calcium alginate dressings and hydrocolloid dressings also accelerated healing
compared to treatment with the hydrocolloid dressing alone (Belmin et al., 2002),
suggesting that calcium plays a role in pressure ulcer healing.

The alternate mechanism for barrier recovery involves cytokines that are
released from keratinocytes (right part of figure 1.2). Cytokines are proteins
that are synthesized and secreted by various cell types, in response to exogenous
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stimulation (Kupper, 1990). They are responsible for local interaction and distant
communication between cellular elements involved in immune and inflammatory
responses. By binding to specific cell-surface receptors, cytokines initiate a cascade
of reactions, leading to induction, enhancement or inhibition of cytokine-regulated
gene transcription (Ao and Stenken, 2006).

The release of various cytokines is induced immediately after damage of the
keratinocytes. For example interleukin-1α (IL-1α) is one of the first cytokines that
is released from preformed pools in keratinocytes (Corsini and Galli, 1998). This
stimulates the production of other, secondary, cytokines and a cascade of reactions is
initiated, finally resulting in recovery of the skin barrier. It is furthermore proposed
that diffusion of cytokines into the dermis could initiate or propagate components of
the inflammatory response (Elias, 1994; Welss et al., 2004).

Topical treatment of pressure ulcers with cytokines has been investigated in
clinical trial studies. Treatment of foot pressure ulcers with nerve growth factor (NGF)
resulted in reduction of the ulcerated area after 6 weeks of treatment (Landi et al.,
2003). It was also demonstrated that treatment with basic fibroblast growth factor
(bFGF) and transforming growth factor β3 (TGF-β3) seems promising in improving
the healing of pressure ulcers (Hirshberg et al., 2001; Robson et al., 2000). By
contrast, topical application of IL-1β did not accelerate healing of pressure ulcers
(Robson et al., 1994). Other studies focused on the levels of cytokines in the blood of
bedridden patients with and without pressure ulcers (Bonnefoy et al., 1995). IL-1β
could not be detected whereas the production of TNF-α did not change significantly
between the two groups. In contrast, abnormal blood levels of IL-6 were observed
in patients with pressure ulcers and this production was significantly increased
compared to those values in patients without ulcers.

The literature includes research investigating the correlation between the
epidermal ion concentration and cytokine release. Choi et al. (2003) reduced the
calcium gradient with iontophoresis, without disruption of the epidermal barrier,
leading to an increased production of cytokines after 1 to 2 hours. Thus, it is likely
that both mechanisms influences barrier recovery (figure 1.2), but how they are
related has not yet been elucidated. Since both ions and cytokines are involved in
the initial steps of the repair mechanisms of the skin barrier function, these molecules
might prove suitable for assessing the tissue status in compromised skin.

1.5 Rationale and outline

The previous sections highlighted the need for accurate techniques to assess the risk
for pressure ulcer development of individual subjects. Several methods to improve
risk assessment have been investigated previously. However, none of these methods
seem sufficiently sensitive and specific to establish the susceptibility of individual
subjects and it was suggested that the use of a combination of markers, rather than a
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single marker alone, is required to monitor the status of soft tissues. We believe that
measuring biochemical markers that are released upon epidermal barrier disruption,
like ions and cytokines, might give some additional information about the skin status
and can, therefore, be added to the list of appropriate markers to monitor the status
of skin tissue.

Previous research of our group has demonstrated that cytokines are released
after prolonged mechanical loading of tissue engineered epidermal equivalents in

vitro (Bronneberg, 2007). These cytokines seem promising damage markers for risk
assessment of the development of pressure ulcers. However, to fully evaluate the use
of these possible damage markers, the transport and kinetics should be investigated
in more detail. Furthermore, clinical studies will be necessary to examine the release
of biochemical markers in vivo. The aim of the current thesis is, therefore, to evaluate
the release and transport of different biochemical markers in compromised skin.

A numerical model is developed to describe the physiological distribution of
calcium throughout the epidermis. Using this model, the calcium distribution
after loss of the barrier function of the skin is also evaluated (chapter 2). To
model cytokine transport through the epidermis, the diffusivity of these molecules
is determined (chapter 3), as well as the amount of cytokines that is present inside
tissue engineered epidermal equivalents and its surrounding medium as response
to mechanical loading. Using these parameters, the release of cytokines from the
cells is estimated and the transport through the epidermis is modeled (chapter 4).
Subsequently, it is experimentally determined whether these biochemical markers
could also be measured in an in vivo situation. Numerical simulations are performed
to investigate whether the cytokine concentrations measured at the skin surface
reflect those concentrations in the viable epidermis (chapter 5). The final chapter
of this thesis discusses the findings of these studies and gives some directions for
further research.
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Chapter 2

Mechanisms that play a role in

the maintenance of the calcium

gradient in the epidermis

The contents of this chapter are based on Lisette H. Cornelissen, Cees. W.J.
Oomens, Jacques M. Huyghe, and Frank P.T. Baaijens (2007), Mechanisms that play

a role in the maintenance of the calcium gradient in the epidermis, Skin Research and
Technology; 13(4): 369-376.

11



12 Chapter 2

2.1 Introduction

Calcium is an important molecule in the human epidermis; it plays a role in
proliferation and differentiation of keratinocytes both in vivo and in vitro (Hennings
et al., 1989; Menon, 2002). Furthermore, it plays a role in the restoration of the
epidermal barrier function when part of the stratum corneum is removed e.g. by
tape stripping or shaving (Menon et al., 1992). In a normal situation, the calcium
concentration forms a gradient across the epidermal layers (Elias et al., 1998; Forslind
et al., 1995; Mauro et al., 1998; Pallon et al., 1993, 1996; von Zglinicki et al., 1993).
Calcium is sparse in the stratum basale and stratum spinosum and the concentration
increases to the highest level in the top of the stratum granulosum. A sharp decline
towards the surface is observed in the stratum corneum. The factors that maintain
the calcium gradient in vivo are currently unknown (Tu et al., 2004).

Lee et al. (1992) suggest that calcium is an important regulator of epidermal
homeostasis. Low calcium concentrations in the stratum basale keep the keratinocytes
as a monolayer in basal position (Alberts et al., 1994). At these concentrations, the
keratinocytes fail or are slow to develop intercellular contacts, and thus do not easily
form cornified envelopes (Bikle et al., 2004). At higher calcium concentrations, the
proliferation of keratinocytes is retarded and their differentiation is enhanced. In the
stratum granulosum, calcium is believed to trigger the transformation of keratinocytes
into corneocytes, the cells that form the stratum corneum (Menon, 2002).

In a number of experimentals, the influence of the calcium concentration on
barrier repair has been studied. Disruption of the epidermal barrier, either by
mechanical or chemical insults or by cutaneous diseases, induces differences in the
calcium gradient (Elias et al., 2002; Menon and Elias, 1991). The calcium gradient
is lost when the epidermis is damaged. The calcium concentration decreases in
the upper epidermal layers and increases in the stratum corneum. This increase in
calcium in the stratum corneum was explained by the increase in transepidermal
water loss (TEWL) (Menon et al., 1992). A decreased calcium concentration in the
upper layers is shown to stimulate lamellar body secretion, leading to barrier repair
(Menon et al., 1994).

Several experimental studies showed that calcium in the epidermis can be bound
to its environment (Markova et al., 1993; Menon and Elias, 1991). This bound
calcium can be attached to calcium binding molecules, such as profilaggrin, but also
calcium that is located inside organelles cannot move freely through the epidermis.
A study by Menon and Elias (1991) showed that the cellular calcium, located e.g. in
lamellar bodies, mitochondria and the cell nucleus, was increased in the granular
layer compared to the cellular calcium content in the spinous and basal layer,
indicating that the amount of bound calcium increases towards the outer epidermis.

A transcutaneous electrical potential has been demonstrated to exist across human
skin (Barker et al., 1982; Jaffe and Vanable, 1984; McCaig et al., 2005). Experiments
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indicate that the electrical potential at the surface is negative compared to the inner
epidermis. Relative high potentials of 60 mV were observed at relatively hairless
surfaces like the feet and the palms, whereas lower values of 20 mV were found at
more hairy skin area’s.

Well known transport processes like electrophoresis, convection and diffusion,
result into the transport of free ions. Many years of research have led to a detailed
understanding of each of these processes (Helfferich, 1962). To our knowledge, no
attempt has been published in the literature to use this information to enhance the
understanding of calcium gradients in human skin. Therefore, in the current study,
a numerical model is developed that can provide more insight into the processes
that maintain the epidermal calcium gradient and into changes in the gradient after
epidermal damage, leading to the following questions:

⊲ How is the calcium gradient maintained in the epidermis?
⊲ What is the most important transport process for calcium?

A detailed insight into the transport of calcium through the epidermis will lead to
a better understanding of several cutaneous disorders in which the calcium gradient
is disrupted (Pallon et al., 1996). Furthermore, the maintenance of the epidermal
calcium distribution and its change after epidermal damage is important for the
cosmetic industry.

2.2 Materials and methods

2.2.1 Theory

Calcium transport through the epidermis was modeled as an one dimensional
problem since the thickness of the epidermis was much smaller than its surface
area. Transport of calcium was due to diffusion, convection and electrophoresis.
Cornelissen et al. (2005) showed that the typical calcium gradient observed
experimentally in the epidermis could not be obtained when all calcium was allowed
to move. In this situation, the calcium concentration decreased from the basal layer
to the top of the stratum corneum and did not correspond to the experimentally
observed calcium profile. It was important to differentiate between free and bound
calcium to obtain the typical form of the calcium gradient. In the model, free calcium
was defined as the calcium that could move according to the physical processes
diffusion, convection, and electrophoresis. Bound calcium was all the calcium that
could not move by these processes because it was physically bound to another
molecule or it was located in constricted areas such as in cell organelles. Binding
and release of calcium ions resulted in an equilibrium between free (Caf ) and
bound (Cab) calcium. This equilibrium was formulated using the following chemical
reaction:

Caf +R
kb

−→
←−
kr

Cab (2.1)
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with R the free binding sites for calcium. The number of free binding sites equaled
the total amount of binding sites (Rtot) minus the number of binding sites at which
calcium was bound (Cab). Using this, the rate of calcium binding was expressed:

−
∂Caf

∂t

∣

∣

∣

∣

binding

=
∂Cab

∂t

∣

∣

∣

∣

binding

= kbCa
fR = kbCa

f
(

Rtot − Ca
b
)

(2.2)

in which kb is the binding constant (in l mol−1 s−1). The equation that described the
release of calcium was obtained in a similar way:

−
∂Cab

∂t

∣

∣

∣

∣

release

=
∂Caf

∂t

∣

∣

∣

∣

release

= krCa
b (2.3)

with kr the release constant (in s−1).
The diffusion of free calcium was described using Fick’s second law:

∂Caf

∂t

∣

∣

∣

∣

diffusion

=
∂

∂x

(

D
∂Caf

∂x

)

(2.4)

in which D is the diffusion coefficient and x the distance from the dermal-epidermal
junction. In a solid-fluid mixture, the diffusion coefficient depends on the water
content (nf ). In human skin, the water content is more or less constant in the
viable epidermis but shows an enormous decrease in the stratum corneum (Caspers
et al., 2000). The decreasing water volume fraction in the stratum corneum was
approximated by van Kemenade et al. (2003). This equation was modified to describe
the water content in the total epidermis:

nf = 0.35−
1

(8.04e−3 ∗ (L− x) + 1.05)28.27
(2.5)

in which L is the total thickness of the epidermis and x the distance from the dermis
(see figure 2.1). The diffusion coefficient corresponding to this water content was
calculated using the well established relationship (Mackie and Meares, 1955):

D = Df
(nf )2

(2− nf )2
(2.6)

with Df the free diffusion coefficient in water, which was prescribed as 1.27 ×10−9

m2 s−1 (Lide, 1997). The convection of free calcium was described using:

∂Caf

∂t

∣

∣

∣

∣

convection

= a
∂Caf

∂x
(2.7)

in which the convective velocity, a = 1.38 × 10−9 m s−1, was based on the
transepidermal water loss (Barel and Clarys, 1995).
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Electrophoresis is caused by the electric potential (ψ) that exists between the inner
part of the stratum corneum and the basal layer (Denda et al., 2001). Therefore, this
term was only evaluated in the viable epidermis. The negative potential attracted the
positively charged calcium ions, that was calculated according to:

∂Caf

∂t

∣

∣

∣

∣

electrophoresis

=
Fz

RT

∂

∂x

(

DCaf ∂ψ

∂x

)

(2.8)

where F , z, R, and T are Faraday’s constant, the valence of the calcium ions,
which equals 2, the universal gas constant, and the temperature, respectively. It
was assumed that the potential difference of 30 mV (Barker et al., 1982) decreased
linearly over the viable epidermis.

Joining all parts that influence the distribution of free or bound calcium with time
resulted in:

∂Caf

∂t
=

∂

∂x

(

D
∂Caf

∂x

)

+a
∂Caf

∂x
+

2F

RT

∂

∂x

(

DCaf ∂ψ

∂x

)

−kbCa
f

(

Rtot − Cab
)

+krCa
b (2.9)

∂Cab

∂t
= kbCa

f
(

Rtot − Cab
)

− krCa
b (2.10)

2.2.2 Methods of solution

In homeostasis, the calcium distribution in the epidermis is in steady state and
therefore, the stationair forms of distribution of free and bound calcium could be
solved. Consequently, the free calcium concentration was not influenced by the
bound calcium concentration. Equation (2.9) was written in dimensionless form
using the total length of the epidermis, the total calcium concentration at x=0, the
total potential difference (ψtot) and the diffusion coefficient of calcium chloride in
water, leading to:

0 =
∂

∂x∗

(

D∗
∂Caf∗

∂x∗

)

+ Pe
∂Caf∗

∂x∗
+

2Fψtot

RT

∂

∂x∗

(

D∗Caf∗ ∂ψ
∗

∂x∗

)

(2.11)

The dimensionless quantities are indicated with an asterisk and Pe is the Péclet
number. Calculation of the Péclet number (Pe ≈ 1·10−4) demonstrated that diffusion

dominates over convection. By calculating
2Fψtot

RT
(≈ 2 · 101), it was found that

electrophoresis dominates over diffusion. Despite the domination of electrophoresis,
all three transport processes were included in the calculation of the free calcium
profile. Diffusion could not be omitted since it dominated in the stratum corneum
where the electrical potential was absent. In the viable epidermis, diffusion was
predicted to become more important after damage of the epidermis since then,
the electrical potential decreased. Convection was used in experimental studies to
explain the observed changes in the calcium concentration after epidermal damage
and therefore, this term was also taken into account.

Equation (2.11) was written in the weak form, integrated over the domain Ω
and subsequently partial integration and Gauss’ theorem were applied. After spatial
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discretisation per element according to Galerkin, this equation is written in matrix
form:

[

K1 +K2 +K3 +K4

]

[

Ca
∼

f
]

=
[

R
∼

]

(2.12)

where

K1 = −

∫

Ωe

D∗

∂N
∼

∂x∗

∂N
∼

T

∂x∗
dΩe

K2 = Pe

∫

Ωe

N
∼

∂N
∼

T

∂x∗
dΩe

K3 =
2Fψtot

RT

∫

Ωe

N
∼

∂D∗

∂x∗
∂ψ∗

∂x∗
NT dΩe

K4 =
2Fψtot

RT

∫

Ωe

N
∼

D∗
∂ψ∗

∂x∗
∂NT

∂x∗
dΩe

R
∼

= −

∫

Γe

N
∼

D
∂N

∼

T

∂x
dΓeCa

∼

f

e

in which column N
∼

contains the shape functions. After solving this system for

the free calcium concentration, the corresponding bound calcium concentration was
calculated using the stationary form of equation (2.10) that was rewritten to:

Cab =
RtotCa

f

Krb + Caf
(2.13)

in which Krb is the ratio of the release constant kr and the binding constant kb. It was
assumed that Krb equaled 1 in the viable epidermis, meaning that neither binding
nor release of calcium was favored. In the stratum corneum, it was assumed that
this constant increased with distance from the viable epidermis since calcium was
released when cells undergo keratinization (Menon et al., 1985). The other constant
that determined the amount of bound calcium was the total number of binding sites,
Rtot. In experimental studies, bound calcium was found attached to other molecules
like profilaggrin (Markova et al., 1993), in organelles like mitochondria, in lamellar
bodies, or in the cell nucleus (Menon et al., 1985). Since more calcium inside the cells
was found in the upper viable epidermis than in the basal layers (Menon and Elias,
1991), it was assumed that the amount of binding sites increased towards the stratum
corneum. A third order function fitted the calcium gradient found experimentally by
Mauro et al. (1998). Consequently, Rtot was calculated according to:

Rtot = αx3 + β (2.14)
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The constant β was defined by the amount of free and bound calcium at the dermal-
epidermal boundary (i.e. at x = 0), using equation (2.13). This constant was
therefore established by the choice of the fraction bound calcium. There was no
experimental evidence that determined this bound calcium fraction. Therefore,
different fractions of bound calcium were used in the preliminary simulations and it
was observed that the influence on the total calcium profile was very small. Obviously,
the free and bound calcium profiles were different. In the current study, it was
assumed that half of the calcium was bound in the basal epidermis. Using this and
equations (2.13) and (2.14), β = 1.5 was obtained. From experimental results it
was known that the maximal total calcium concentration was about 3 times the basal
calcium concentration (Mauro et al., 1998). This could be used to define constant
α to be 9.3, since the free calcium concentration at the position where the calcium
concentration was maximal was known from equation (2.11).

Figure 2.1: Schematic representation of the numerical setup

2.2.3 Model application

First, the calcium distribution in the epidermis under physiological conditions was
evaluated. A one dimensional element distribution as shown in figure 2.1 was used, in
which the viable epidermis was treated separately from the stratum corneum because
of different values for the constants Rtot and Krb. The boundary conditions imposed
for free calcium were a fixed concentration at x = 0 and a fixed calcium concentration
at x = L.

In a second simulation, the calcium concentration was evaluated in a situation in
which the epidermis was damaged. Epidermal damage was applied by removing
half of the stratum corneum. In experimental studies where tape stripping was
used to damage the epidermis, it was observed that the transepidermal water loss
increased and consequently, the amount of water in the stratum corneum (Denda
et al., 1999). These phenomena were modeled by increasing the convective velocity
by a factor of 10 and by increasing the amount of water in the stratum corneum,
resulting in a constant diffusion coefficient over the total epidermis. Furthermore,
some experimental studies showed a decrease in the electrical potential when the
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viable epidermis was damaged or when the stratum corneum was wet (Edelberg,
1977; Jaffe and Vanable, 1984). This was modeled by decreasing the electrical
potential by a factor of 10.

In a third situation, the experiments performed by Lee et al. (1992) were
simulated. In these experiments, the epidermal barrier was disrupted using a solvent
and subsequently the epidermis was immersed in a solution with a high calcium
concentration. It was observed that the barrier repair was inhibited. In the simulation,
damage was applied to the epidermis in the same way as in the second simulation.
The immersion in a high calcium concentration solution was simulated by increasing
the boundary condition for free calcium at the stratum corneum site by a factor 5.

2.3 Results

Figure 2.2 shows the free, bound, and total calcium profiles, resulting from the first
simulation.
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Figure 2.2: Distribution of the free, bound, and total calcium concentration throughout

the thickness of the epidermis.

The free calcium concentration was more or less constant in viable epidermis,
which was mainly due to electrophoresis. In the stratum corneum, the free calcium
showed a decrease, which was due to diffusion and convection, since electrophoresis
was absent in this part of the epidermis. In the inner stratum corneum, the
water content and consequently the diffusion coefficient was high and therefore
diffusion dominated over convection. In the outer part, the water content decreased
and convection became more important, which could be seen in the free calcium
profile. The bound calcium concentration showed an increase towards the top of
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the viable epidermis since the number of binding sites increased with the distance
from the dermis. In the stratum corneum, calcium release was larger than calcium
binding and therefore, the bound calcium concentration decreased. The total calcium
concentration in the viable epidermis was predominantly determined by the bound
calcium. An enormous decline was seen in the stratum corneum since here the bound
calcium was released.
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Figure 2.3: Distribution of the free, bound, and total calcium concentration throughout

the thickness of a damaged epidermis.

After application of damage to the epidermis, the free calcium concentration was
decreased compared to the normal situation (figure 2.3). This decrease resulted in
a decrease of the bound calcium concentration and consequently, the total calcium
concentration was less. This was most obvious in the upper viable epidermis.

Experimental studies showed that when the epidermis was immersed in a high
calcium solution after tape stripping, the recovery of the barrier function was
inhibited. Hence, changes in the epidermal calcium concentration were calculated
for a higher external calcium concentration. The results showed that the decrease of
the free calcium in the upper viable epidermis became less (figure 2.4), resulting in a
less decreased total calcium concentration in this part of the epidermis compared to
the damaged situation. Compared to the normal situation, the free, bound and total
calcium concentrations were slightly decreased.

2.4 Discussion

The current model describes the epidermal calcium gradient, based on formulations
for free and bound calcium separately. Movement of free calcium ions depended
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Figure 2.4: Distribution of the free, bound, and total calcium concentration throughout

the thickness of a damaged epidermis. The calcium concentration at the

stratum corneum is maintained at an elevated level.

on electrophoresis, diffusion and convection and the results showed that under
physiological conditions an approximately constant free calcium concentration was
found in the viable epidermis and a decrease of the free calcium concentration
in the stratum corneum. Consequently, the observed increase of calcium towards
the stratum corneum was determined by the bound calcium fraction that was also
determined by the model. It was observed that the bound calcium concentration
increased from the basal layer to the top of the viable epidermis and decreased
strongly in the stratum corneum. This bound calcium concentration dominated the
total calcium amount that showed an increase in the viable epidermis and a decrease
in the stratum corneum (figure 2.2).

The model was used to simulate the calcium concentration in a damaged
epidermis, resulting in a decrease of the free and bound calcium concentration
in the upper viable epidermis. This decrease was diminished when the calcium
concentration at the top of the stratum corneum was increased. This corresponds
with findings of Lee et al. (1992) in experimental studies. They showed that recovery
of the epidermal barrier was inhibited after immersion of the damaged epidermis
in a high calcium concentration. The results of the current study showed that the
decrease of calcium in the upper viable epidermis was less after immersion in high
calcium compared to epidermal damage without immersion in high calcium. It was
demonstrated that the extracellular calcium concentration regulated the secretion
of lamellar bodies (Menon et al., 1994) and since the decrease of calcium was
diminished after immersion in a high calcium solution, the release of lamellar bodies
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was decreased and thus barrier recovery was inhibited.

The total calcium gradient, which has been measured in several experimental
studies (Elias et al., 1998; Forslind et al., 1995; Mauro et al., 1998; Pallon et al., 1993,
1996; von Zglinicki et al., 1993), was maintained when free and bound calcium were
modeled separately. The existence of bound calcium was consistent with findings that
calcium was localized in structures like mitochondria and lamellar bodies (Menon
et al., 1985). The amount of bound calcium was determined by the constantsRtot and
Krb. There is very little experimental evidence to assess the values of these constants.
With this model, the amount of bound calcium was calculated and an estimation was
made for constants Rtot and Krb.

From the literature it was known that the amount of binding sites increases
towards the stratum corneum (Markova et al., 1993; Menon et al., 1985) and that
calcium was released when cells undergo keratinization (Menon et al., 1985). These
observations were used to determine formulations forRtot andKrb. Since the amount
of binding sites increased towards the stratum corneum, Rtot should increase in this
region. A third order function with the distance from the dermal-epidermal boundary
fitted the experimental results best (equation (2.14)). One of the constants in the
relation Rtot(x) was defined by the fraction bound calcium in the basal epidermal
layer, a fraction that was also not known from literature. Several simulations were
performed with a different fraction of bound calcium and it was observed that this
hardly influenced the total calcium concentration. However, the amount of free and
bound calcium throughout the total epidermis was different. The other constant
determining Rtot was defined by the difference between the total basal calcium
concentration and the maximal total calcium concentration, which was known from
PIXE measurements (Mauro et al., 1998).

Bound calcium is observed in the epidermis in the cell nuclei, mitochondria or
at molecules like profilaggrin. It was not predicted that the affinity for calcium to be
bound in one of these locations changed through the viable epidermis. Therefore, Krb

was constant in this region. Since no information was available about the binding and
release, it was assumed that neither binding nor release were favored in the viable
epidermis. The calcium release after keratinization was modeled by increasing the
release constant in the stratum corneum (Menon et al., 1985).

Electrophoresis was the main transport process for the free calcium in the
viable epidermis, while diffusion was predominant in the inner stratum corneum.
Convection dominated the free calcium transport in the outer stratum corneum.
In the simulations in which the epidermis was damaged, the convection was
several orders of magnitude less than electrophoresis and diffusion, even though the
convection was increased and the electrical potential was decreased. It was found
that the calcium distribution was predominantly determined by electrophoresis. This
is supported by observations of Menon et al. (1992). They found that the calcium
concentration remained unaltered at small foci where the stratum corneum still
adhered to the stratum granulosum. The decrease of the calcium concentration
due to a decrease of the electrical potential occurred when the viable epidermis was
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damaged. When this was still intact, as on the small foci where the stratum corneum
still adhered to the stratum granulosum, the electrical potential did not decrease and
the calcium concentration remained unaltered as found in the experimental study.

The increase in calcium in the stratum corneum after the epidermal damage, as
found in experimental studies (Forslind et al., 1995; Lee et al., 1994; Menon et al.,
1992), was not observed in the model. Previous authors explained this increase
by an increase of TEWL (Menon et al., 1992). Our simulations showed that the
increased TEWL was not sufficient to move calcium into the stratum corneum. It
might be that the increased calcium concentration in the stratum corneum was due
to a different cornification process. Since, another experimental study showed that
incomplete differentiation of keratinocytes was associated with an increased calcium
concentration in the stratum corneum (Vičanová et al., 1998). An increased calcium
concentration in the stratum corneum was also found in a psoriatic epidermis, a
skin disease in which differentiation of the epidermal layer is abnormal (Grundin
et al., 1985). An abnormal differentiation process was not included in the model and
might, therefore, explain why the increase in calcium in the stratum corneum was not
observed in the model.

In the current study, the calcium concentration was modeled in one dimension.
In a normal epidermis, this is a reasonable assumption since experimental studies
showed that the calcium concentration was constant in horizontal scanned bands
of the epidermis (Forslind et al., 1995). Consequently, horizontal movement of
calcium due to electrophoresis, diffusion, or convection was not expected in this
situation. However, when the epidermis is damaged, there exists lateral electric
fields (Jerčinović et al., 1993; McCaig et al., 2005) that might influence the calcium
transport in horizontal direction. In this situation, it might be more appropriate to
model the calcium distribution in a two dimensional situation.

In conclusion, the calcium gradient in the epidermis was maintained when
separate formulations were used for free and bound calcium. The typical shape of
the gradient was predominantly determined by the bound calcium concentration.
For both a normal and a damaged epidermis, the concentration of free calcium was
mainly determined by electrophoresis in the viable epidermis, whereas in the largest
part of the stratum corneum diffusion was the most important factor. The convection
that was determined by the TEWL did not have an observed effect on the calcium
concentration.
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3.1 Introduction

Pressure ulcers are degenerative changes of soft tissues, such as skin and muscle
tissue, due to sustained mechanical loading. Patients who are bedridden or
wheelchair bound are most susceptible to the development of pressure ulcers
(Yarkony, 1994). The majority of these ulcers are superficial, meaning that they
start in the skin layer. Nowadays, the risk for patients to develop these superficial
pressure ulcers is assessed using risk scales, like the Braden, Norton and Waterlow
scales (Bergstrom et al., 1987; Norton, 1989; Waterlow, 1985). However, these
scales are very subjective and do not satisfactorily predict pressure ulcer development
(Schoonhoven et al., 2002). Moreover, pressure ulcers are mostly detected when
the tissue was already damaged. Therefore, objective risk assessment is needed that
satisfactorily predicts pressure ulcer development in an early stage.

One approach for risk assessment could be to develop a sensor able to measure
biochemical markers at the skin surface that give an indication of the skin condition
before visible damage occurs. In vitro model systems have frequently been used to
study the irritating effect of mechanical or chemical loading of the skin (Gibbs et al.,
2002; Lee et al., 1997). It is demonstrated that several cytokines are released into the
culture supernatant upon mechanical loading of engineered epidermal equivalents
(Bronneberg et al., 2006, 2007). To assess whether these signalling molecules are
suitable markers for non invasive detection of epidermal damage at an early stage,
the distribution of these markers inside the epidermal tissue needs to be investigated
more thoroughly. Movement of the markers inside the tissue is mainly based on
diffusion, and therefore, a numerical diffusion model can be used to describe this
transport through the epidermis. To develop such a model, the diffusivity of cytokines
inside the epidermis needs to be known, which is, to the best of our knowledge, not
yet established.

Several techniques are currently used to measure the diffusivity of macro-
molecules. Fluorescent recovery after photobleaching (FRAP) was used to measure
diffusion properties e.g. in articular cartilage (Sniekers and van Donkelaar, 2005),
and the nucleus of different cell types (Braga et al., 2004; Carrero et al., 2003). In
this method, fluorescently labeled macromolecules that were located inside the tissue
were bleached. Recovery of the fluorescence inside the bleached area, due to diffusion
of fluorescent macromolecules, was monitored with time. From this, the diffusion
coefficient could be calculated.

Side-by-side diffusion cells were used to obtain the diffusivity of glucose in human
cadaver skin (Khalil et al., 2006). A bathing solution containing glucose freely
contacted both sides of skin samples. Afterwards, the amount of glucose in the skin
sample was determined and from this, the diffusion coefficient.

Another method to determine the diffusivity is pulsed-field-gradient NMR, which
is applied to measure diffusion in hydrogels (Gibbs et al., 1992). In this method, the
mean-square molecular displacement was measured in the absence of a macroscopic
concentration gradient over a time interval, from which the diffusion coefficient could
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be obtained.
Using interferometry, the diffusion coefficient was determined in hydrogels from

the fringes in interferograms on the basis of Fick’s law (Zhang et al., 1999).

The present study aims to determine the diffusion parameters of cytokines within
epidermal tissues. Since porcine and tissue engineered epidermal tissues often serve
as model systems for human epidermis, the diffusivity was measured in porcine
epidermis, human epidermis and tissue engineered epidermal equivalents. Diffusivity
measurements using FRAP were already applied to other biological tissues and was,
therefore, used in the current study.

3.2 Materials and methods

3.2.1 Sample preparation

Porcine epidermis
Porcine ears were obtained from the local slaughterhouse. After washing, the
complete skin was removed from the ear, gently shaven, and cut into pieces of
approximately 1 cm2. The epidermis was separated from the dermis by applying heat
(Steinsträsser and Merkle, 1995); the skin samples were placed for approximately 30
sec on a hot plate, dermis side down, and afterwards, the epidermis could be easily
peeled off using tweezers. Samples from ten different pigs (2 skin samples per pig)
were used in this study.

Human epidermis
Fresh human skin samples were obtained from the Catharina Hospital, Eindhoven,
according to Dutch guidelines of secondary used material. In the laboratorium, the
subcutaneous fat layer was removed from the skin and the remaining skin was cut
into pieces of approximately 1 cm2. Separation of the dermis and the epidermis was,
again, performed by applying heat for approximately 30 seconds. Samples from three
different humans (3 samples per human) were used in this study.

Engineered epidermal equivalent
A commercially available human epidermal equivalent, EpiDerm (EPI-200, MatTek
Corporation, Ashland, MA, USA), was used as tissue engineered equivalent. EpiDerm
cultures (diameter = 8 mm) consist of human-derived epidermal keratinocytes
that have been cultured on cell culture inserts at the air-liquid interface to form
a multilayered differentiated model of the human epidermis. Upon arrival, the
EpiDerm cultures were placed in a 6-wells plate containing 900 µl hydrocortisone
free maintenance medium (EPI-100-MM-HCF, Mattek Corporation, Ashland, MA,
USA) per well. After staining overnight (see section 3.2.2), the EpiDerm cultures
were gently removed from the insert. Three different batches of EpiDerm cultures (2
samples per batch) were used in this study.
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3.2.2 Staining

As a measure of the diffusion coefficient of cytokines inside the epidermis, the
diffusion coefficient of fluorescently labeled dextran molecules (FD20S, Sigma, St.
Louis, MO, USA) with comparable molecular weight (20 kD), was determined.
To perform the FRAP measurements, the labeled dextran molecules should be
homogeneously distributed throughout the epidermal tissues. Therefore, porcine
and human epidermal samples were placed in a 12-well plate, stratum corneum side
up, containing 1 ml of 0.75 µM dextran solution in phosphate buffered saline (PBS)
per well. The EpiDerm cultures were placed in a 6-well plate with 900 µl of 0.75
µM dextran solution in hydrocortisone free maintenance medium. After incubation
overnight, the samples were removed from the medium and placed on a glass slide,
stratum corneum side up, to perform the FRAP experiments.

3.2.3 FRAP experiments

FRAP experiments were performed at room temperature using confocal laser scanning
microscopy (LSM 510, Carl Zeiss, Jena, Germany). Pilot experiments showed that
identical diffusion coefficients were obtained in horizontal and vertical direction.
Therefore, in the current study, only one dimensional diffusion was measured by
bleaching a horizontal line. A 25 mW argon laser with excitation at 488 nm was used
to irreversibly photobleach molecules on a horizontal line at 100% laser power. This
same laser was used for imaging at 9.7% laser power. A 10x/0.3 NA Plan-Neofluar
objective (Zeiss) was used to record emission. The pinhole was set to 70 µm, resulting
in an optical slice thickness of < 11.4 µm. Images with a resolution of 256x256
pixels were recorded at height 50 µm and a field of view of 153.6 x 153.6 µm was
obtained. One image was taken before bleaching, followed by 30 images after each
bleach experiment. The time between the post-bleach images was set to 25 ms. The
diffusion coefficient of fluorescently labeled dextran molecules was also determined
in medium.

3.2.4 Data analysis

The experimental data was analyzed using MATLAB. The pre-bleach and post-bleach
images were imported and normalization to the pre-bleach situation was performed
by dividing all post-bleach images by the pre-bleach image. The normalized images
were filtered using a low-pass filter, in which, after Fourier transformation, the lowest
3 frequencies were passed. In the diffusion experiments, only one dimensional
diffusion was evaluated. However, at the left and right sides of the images, diffusion
in the second (y) direction could occur too. Therefore, 75 pixels of both sides were
not taken into account. The remaining area is depicted in figure 3.1 (area of interest).
The mean intensity profile of the remaining pixels was calculated by integration of the
signal in the horizontal direction (right part of figure 3.1).

Diffusion of bleached molecules in one dimension can be described using Fick’s



Diffusion measurements in epidermal tissues with fluorescent recovery after photobleaching 27

Figure 3.1: The left figure shows a typical post-bleach image of a FRAP experiment. Only

pixels in the area of interest were analyzed to avoid side effects. This part

has been integrated to obtain the mean intensity profile that is depicted in

the right part.

second law:

∂C

∂t
=

∂

∂x
D
∂C

∂x
(3.1)

In which C is the concentration of the bleached molecules, D the diffusion coefficient
and x = 0 is defined in the middle of the bleached line. In an ideal situation, C can
be described with a Gaussian function, which is a solution to equation (3.1) (Seiffert
and Oppermann, 2005):

C(x, t) =
M

2(πDt)1/2
e

−x
2

4Dt (3.2)

M represents the number of molecules that can be bleached per unit area.
Since a Gaussian function describes one dimensional diffusion, Gaussian curves

were fitted to the intensity profiles obtained from all post-bleach images. The R2

value was determined for these fits and the post-bleach images of which R2 >
0.95 were used in further analysis. Due to diffusion of the bleached molecules,
the top of these Gaussian curves decreased with time, whereas the full width at
half maximum (fwhm) increased. This last parameter can be used to determine
the diffusion coefficient (Seiffert and Oppermann, 2005). The concentration of the
bleached molecules at half maximum Chm is determined by:

Chm =
1

2
C(x = 0, t) =

M

4(πDt)1/2
(3.3)
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This, together with equation (3.2), is used to calculate the full width at half
maximum:

fwhm = 2xhm = 2
√

4ln(2)Dt (3.4)

From equation (3.4), it can be observed that the diffusion coefficient is proportional
to (fwhm)2. Therefore, the full width at half maximum was determined for all
post-bleach images. According to equation (3.4), the diffusion coefficient could be
determined by fitting a curve through these data with time.

3.2.5 Statistics

The results are expressed as mean and standard error of the mean (SEM). Nested
analyses of variance (ANOVA; Statgraphics centurion XV) was used to determine the
effect of species on the diffusion coefficient. Post hoc determination of statistical
significance was performed by multiple comparisons according to Bonferroni.
Differences were considered significant at a p-value < 0.05.

3.3 Results

All separate FRAP experiments were analyzed as described in section 3.2.4. After
filtering the signal, some noise was removed. Integration of the middle part of the
filtered signal led to a curve that was fitted with a Gaussian profile (figure 3.2(a)).
From the Gaussian profiles, the full width at half maximum was determined and these
values were plotted with time as well as the linear curve that was fitted to these data
(figure 3.2(b)). The diffusion coefficient was derived from the slope of the linear fit
through this data.

(a) (b)

Figure 3.2: (a) A Gaussian curve is fitted to the filtered and integrated experimental

data. (b) The full width at half maximum for all post-images of this FRAP

experiment (stars) and the linear fit from which the diffusion coefficient was

determined.
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Thus, all the FRAP experiments have been analyzed, and the diffusion coefficients
of the different epidermal tissues (mean + SEM) are depicted in figure 3.3. The
average diffusion coefficients of porcine epidermal samples (5.9 · 10−5 mm2s−1) and
human epidermal samples (6.2 · 10−5 mm2s−1) were similar, whereas the diffusion
coefficient of the EpiDerm samples (2.3 · 10−5 mm2s−1) was significantly lower.
The diffusivity of the dextran molecules in medium was slightly higher (6.9 · 10−5

mm2s−1).

EpiDerm Human Porcine Medium
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Figure 3.3: The diffusion coefficient of 20 kD dextran molecules in EpiDerm, human

epidermal samples, porcine epidermal samples and medium.

3.4 Discussion

In the current study, the diffusion coefficient of 20 kD dextran molecules was
determined in different epidermal tissues, to get an approximation of the diffusion
coefficient of cytokines. Similar results were found for porcine and human epidermis,
whereas the diffusion coefficient of the EpiDerm cultures was significantly lower. This
difference might be due to differences in treatment of the samples. Several steps were
taken to obtain porcine and human epidermal samples from the skin tissues, whereas
the EpiDerm cultures were cultured without the other skin layer. On the contrary, the
tissues were from different origin and the corresponding diffusion coefficient could be
different. The epidermal structure slightly decreased the diffusion since the diffusion
coefficient in medium was a little higher than that measured in porcine and human
epidermis.

To our knowledge, there are no experimental data available for the diffusion
coefficient of cytokines in the epidermis. In different studies, the diffusivity of 10 or
20 kD dextran molecules in water is determined to be 8 · 10−5 mm2s−1 (Braga et al.,
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2004; de Rosa et al., 2006), comparable with the diffusivity of dextran molecules in
medium, as measured in the current study. From this, it was concluded that the used
method was correct. In a numerical study, the dermal diffusion coefficient of KGF - a
27 kD growth factor - was estimated to be 9.5 · 10−4 mm2s−1 (Wearing and Sherratt,
2000). Remarkably, this is even larger than the diffusion coefficient of molecules with
comparable weight in water and is, therefore, unlikely. The diffusivity of glucose
was determined in dermal and epidermal samples by Khalil et al. (2006). The
diffusion coefficient was found to be 7.5 · 10−6 mm2s−1 for epidermal samples. In this
study, the diffusion was measured in the total epidermis, which includes the stratum
corneum. It is expected that this layer decreases the overall epidermal diffusion
coefficient (Khalil et al., 2006). It is likely that in the current study the influence
of the stratum corneum is not very significant, since the diffusivity is measured at 50
µm height from the basal membrane.

The experimental data, obtained in the current study, contained much noise.
Using a low-pass filter, this amount of noise was drastically reduced. Analyzing
the images with passing frequencies 1 till 5 gave similar results for the diffusion
coefficient. However, the noise was increased when more frequencies were passed
and the amount of information was reduced when less frequencies were passed. In
the current study, it was chosen to allow the lowest three frequencies to pass.

The filtering introduced some inaccuracies at the boundaries of the signal, which
can be observed at the local increases at the boundary of the intensity profile
(figure 3.2(a)). In this study, the fwhm was determined from the intensity profiles,
and this value was not influenced by inaccuracies at the boundaries of the signal.
Therefore, the filtering procedure was not optimized to remove the inaccuracies at
the boundaries.

During post-bleach imaging, some molecules in the total field of view have
been bleached. This amount of bleaching could be decreased by diminishing the
laser intensity during post-bleach imaging. However, a diminished laser intensity
resulted in very dark images that could not be analyzed decently. Using the analysis
method proposed by Axelrod (Axelrod et al., 1976), this overall bleaching results in
inaccuracies of the determination of the diffusion coefficient. In the current study, the
diffusion coefficient was obtained from the fwhm of the intensity profiles of the total
field of view. A decreased intensity in the total field of view did not change the value
of fwhm, and, therefore, did not influence the results. Thus, the laser intensity could
be increased to obtain bright images that could be analyzed properly.

In the analyses of the experimental data, it was assumed that all epidermal
samples were homogeneous; local tissue inhomogeneities, such as cells, were
neglected. Moreover, only one dimensional diffusion was taken into account, an
approximation that is valid for the directions parallel to the skin surface. This
was tested in different pilot experiments in which identical diffusion coefficients
were obtained from both horizontal and vertical bleached lines. In the direction
perpendicular to the skin surface, it is, however, suspected that the diffusion
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coefficient is influenced by local tissue structure. In the experimental set-up of the
current study, the optical slice thickness is large compared to the thickness of the
stratum corneum, that part of the epidermis in which the water content is decreased.
So, using this experimental set-up, it is impossible to obtain the diffusion parameters
for the stratum corneum, and therefore only a measure for the diffusion coefficient in
the viable epidermis was obtained.

All FRAP experiments were performed at room temperature, and in epidermal
tissue that was separated from the dermis; circumstances that do not resemble the
physiological situation. However, it is believed that a good measure for the diffusivity
is obtained, since the epidermis was placed, stratum corneum side up, on a glass plate.
Consequently, dehydration could not occur at the dermal-epidermal boundary. During
staining, the epidermal sample floated on a dextran solution in PBS. This might cause
not only diffusion of fluorescent molecules into the sample, but also some diffusion
of PBS, resulting in overestimation of the diffusion coefficient.

In the current study, the diffusion coefficient was determined in normal epidermal
tissues, to obtain a measure for the diffusivity of damage markers that might be
used for pressure ulcer risk assessment. Previous studies demonstrated that damage
markers are released upon mechanical loading of the EpiDerm cultures and diffuse
into the culture supernatant (Bronneberg et al., 2006, 2007). Since the diffusion
coefficient is higher in human tissue compared to EpiDerm cultures, it is expected
that the damage markers released in human epidermal tissue can be measured at
earlier time points.

At locations where pressure ulcers develop, the epidermis is compressed. Previous
research on other biological tissues indicated that the diffusion coefficient is lowered
at compression (Evans and Quinn, 2006). It is suspected that in epidermal tissue, the
diffusion coefficient is also lowered when the tissue is compressed. The FRAP method
can also be used to determine diffusion parameters during tissue compression,
however, this is not straightforward. The influence of a decreased diffusion coefficient
could be analyzed using a numerical model.

In conclusion, the diffusion coefficient of different epidermal tissues was
determined in the current study to obtain better insight into the diffusion properties of
the epidermis. It was shown that the FRAP method could also be used in epidermal
tissues. The results indicate that transport of the damage markers through human
epidermal tissue is less hindered than in the EpiDerm samples, since the diffusion
coefficient is significantly higher. In the near future, a numerical model will be
developed that describes the distribution of cytokines in EpiDerm cultures and the
culture supernatant after mechanical loading. The diffusion coefficients obtained
in the current study will be used to study the difference between the transport in
EpiDerm cultures and in human epidermis.
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4.1 Introduction

Pressure ulcers are areas of soft tissue breakdown, resulting from sustained
mechanical loading of the skin and underlying tissues. The prevalence of pressure
ulcers in hospitalized patients in The Netherlands is unacceptably high with values
exceeding 15% (Halfens et al., 2007). The Dutch National Prevalence Survey
demonstrated that grade 1 ulcers, the first stage of superficial ulcers in skin,
accounted for approximately 50% of the prevalence of pressure ulcers (Halfens et al.,
2007). The high prevalence is partly due to the limitation of the risk assessment and
detection techniques.

Currently, risk assessment is mainly performed by questionnaires or scales like
the Norton (Norton, 1989), Braden (Bergstrom et al., 1987), and Waterlow scale
(Waterlow, 1985). Most risk assessment scales are based on expert opinion and have a
limited scientific background (Schoonhoven et al., 2002). Furthermore, Schoonhoven
et al. (2002) demonstrated that risk assessment scales do not predict the degree of
susceptibility with the required accuracy and indeed, up to 30% of the hospitalized
patients with pressure ulcers are incorrectly classified. Accordingly, patients with high
risk might not receive adequate preventive measures.

Further limitations associated with risk scales are that they have to be relatively
simple to complete and they should be integrated within a daily routine in hospitals
and nursing homes. This results in the inclusion of relatively easy to record
parameters such as age, weight or BMI, sex, mobility of the patient etc. From a
scientific point of view, these parameters represent global properties which do not
sufficiently reflect the susceptibility of the individual. Such a characteristic would
require the assessment of the physiological response of an individual to a specific
load regime. The current study is part of a research program on development of
a monitoring system that allows the measurement of a tissue reaction in a clinical
setting as a complimentary tool to the used risk scales. It focuses on biochemical
markers that might be suitable for pressure ulcer risk assessment.

Ideally, pressure ulcer risk assessment should be performed at the skin surface
in a non-invasive way. Therefore, cytokines are evaluated that originate from
keratinocytes in the superficial layer of the skin, the epidermis. Interleukin-1α
(IL-1α) is a pluripotent, multifunctional cytokine that plays a key role in the
initiation and development of inflammatory and immune responses (Uchi et al.,
2000). Furthermore, this cytokine is known to induce the production of other
cytokines such as interleukin-8 (IL-8) and tumor necrosis factor-α (TNF-α) (Enk and
Katz, 1992; Uchi et al., 2000). Interleukin-1 receptor antagonist (IL-1RA), which is
also constitutively produced by keratinocytes in the epidermis, is known to inhibit
the activity of IL-1α. In a physiological situation, IL-1α is only removed from the
epidermis by desquamation of the stratum corneum, due to the lack of a hydrophobic
leader sequence for transmembrane secretion (Uchi et al., 2000). However, chemical
exposure, UV irradiation, tape stripping, as well as sustained mechanical loading are
known to disrupt the cell membrane and release a large amount of IL-1α from the
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keratinocytes, which normally retain intracellular stores of IL-1α in the epidermis
(Bernhofer et al., 1999; Bronneberg et al., 2006, 2007; Faller et al., 2002; Flint et al.,
1998; Nickoloff and Naidu, 1994; Oxholm et al., 1988; Wood et al., 1992, 1997).

Recently, IL-1α, IL-1RA, IL-8, and TNF-α have been identified as promising
markers for pressure ulcer risk assessment (Bronneberg et al., 2007). Using an in

vitro model system for pressure ulcer development, an increase in the release of these
markers from tissue engineered epidermal equivalents was observed after 24 h of
loading (0, 50, 75, 100, 150, and 200 mmHg). Commercially available EpiDerm
cultures, of which the general morphology is comparable to human epidermis,
were used as epidermal equivalents in these studies (Cannon et al., 1994; Netzlaff
et al., 2005). Furthermore, it was shown that mechanical straining of keratinocyte
monolayers promotes the expression and release of IL-1α and IL-1RA (Lee et al.,
1997; Takei et al., 1998).

The aim of the present study is to evaluate the ‘pressure-time’ regulation of
cytokines (IL-1α, IL-1RA, IL-8, and TNF-α) in the epidermis in vitro. This study
focuses on cytokines that were released into the medium, as well as on the cytokine
values inside the epidermal tissue. Epidermal equivalents were, therefore, subjected
to either 0 or 150 mmHg in a custom-built loading device for various loading periods
(1, 2, 4, 6, 8, 16, and 24 h). Because release of cytokines from the loaded tissue
was measured in the surrounding medium, the absolute release profile of the cells
inside the culture was still unknown. A numerical model was developed to determine
this release profile. Via inverse analysis, the cytokine release from the keratinocytes
was established from the experimental determined cytokine values in the medium.
This profile might be used in future studies to evaluate the cytokine profiles in other
situations.

4.2 Materials and methods

4.2.1 Experimental model

Engineered epidermal equivalent
A commercially available human epidermal equivalent, EpiDerm (EPI-200, MatTek
Corporation, Ashland, MA, USA), was used as an in vitro model of the epidermis
in this study. These EpiDerm cultures are comprised of human-derived epidermal
keratinocytes, which have been cultured on standing cell culture inserts (Millipore,
Billerica, MA, USA) at the air-liquid interface to form a multilayered, differentiated
model of the human epidermis (Cannon et al., 1994).

Upon receipt, the EpiDerm cultures were placed in 6-well plates, and were
cultured overnight at 37◦C and 5% CO2 in 900 µl/well of hydrocortisone free
maintenance medium (EPI-100-MM-HCF, MatTek Corporation, Ashland, MA, USA).
The next morning, the cultures were transferred to fresh medium and directly used
in ‘pressure-time’ experiments. Seven batches of EpiDerm cultures, of twenty four
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cultures each, were used in this study.

Pressure-time experiment
A pressure of 150 mmHg (20 kPa) was applied on top of EpiDerm cultures for
various loading times (1, 2, 4, 6, 8, 16, and 24 h). This pressure was applied
using indenters and additional weights (Bronneberg et al., 2006). Unloaded cultures
were used as control. After each loading period, all the surrounding medium was
collected and stored at −80◦C for later analysis of cytokines, further referred to as
‘medium cytokines’, as well as analysis of the cell membrane integrity. The loaded
EpiDerm cultures were gently washed with the provided phosphate buffered saline
(PBS, MatTek Corporation, Ashland, MA, USA) and cut in two equal parts. One part
was fixated for histological examination and the other part was used to determine the
cytokine values inside the epidermal tissue, further referred to as ‘culture cytokines’.
This part was placed in 450 µl of 1% (v/v) Triton X-100 (Merck Chemicals Ltd.,
Nottingham, UK) in hydrocortisone free maintenance medium at 4◦C, according to
recommendations from the supplier (MatTek Corporation, Ashland, MA, USA). After
incubation for at least 8 h, the culture lysates were stored at -80◦C for later analysis of
the culture cytokines. The measured culture cytokines (pg) can, upon multiplication
by a factor two, be directly compared to the medium cytokines (pg).

Histological examination
The second parts of all EpiDerm cultures were fixated in 10% phosphate-buffered
formalin and processed for conventional paraffin embedding. The sections were cut
at 5 µm and stained with Haematoxylin and Eosin (H&E). The tissue morphology was
studied by light microscopy.

Membrane integrity
The cell membrane integrity (cell damage) of the EpiDerm cultures was measured
by a colorimetric lactate dehydrogenase (LDH) assay (TOX-7, Sigma-Aldrich Co,
St. Louis, Missouri, USA), according to recommendations from the supplier. This
assay measures membrane integrity as a function of the amount of cytoplasmic LDH
released into the medium. Briefly, assay mixture was prepared by mixing equal
amounts of LDH assay substrate, cofactor and dye solutions. For all cultures, assay
mixture was added to the medium in a proportion of two to one. After incubation for
30 min at room temperature in the dark, the color reaction was stopped by 1 M HCL.
Plain medium was used as blank in this assay. Absorbance was determined at 490 nm
using a plate reader. Background correction was performed at 650 nm.

Cytokines
The levels of IL-1α, IL-1RA, IL-8, and TNF-α in the medium and culture lysates
were determined by ELISA. TNF-α was quantified by a Quantikine high sensitive
kit (HSTA00C, R&D systems, Abingdon, United Kingdom) according to the
recommendations from the supplier. For IL-1α, IL-1RA, and IL-8 (M9318, Sanquin
Reagents, Amsterdam, the Netherlands) quantification, Maxisorp immunoplates
(Nalge Nunc international, Roskilde, Denmark) were coated overnight at room



The transport profile of cytokines in epidermal equivalents subjected to mechanical loading 37

temperature with capture antibody. Subsequently, the plates were blocked with
PBS/0.5% BSA for 1 h at room temperature, after which the samples and standards
were added to the plates. After incubation for 1 h at room temperature and
washing (PBS/ 0.005% Tween-20), detection antibody was added. The plates were,
furthermore, incubated with 1:10000 diluted streptavidin-HRP (M2032, Sanquin
Reagents, Amsterdam, The Netherlands) for a period of 30 min. The enzyme reaction
was initiated by adding 0.2 mg/ml of o-phenylenediamine dihydrochloride in 0.11
M acetate pH 5.5 and 0.03% hydrogen peroxide and stopped with 2M H2SO4.
Dilution buffer (PBS/0.5% BSA/0.005% Tween-20) was used as blank in this assay.
Absorbance was determined at 490 nm using a plate reader. All antibodies and
standards were purchased from R&D systems (Abingdon, United Kingdom), unless
otherwise indicated.

Statistics
The results are expressed as mean and standard error of the mean (SEM). Weighted
analyses of variance (ANOVA; SPSS 12.0.1, USA) were used to determine the effect of
pressure and loading time on the medium, culture, and total (i.e. medium+culture)
cytokine values, as well as LDH. Dunnett’s multiple comparisons test was used to
compare the different loading times (2, 4, 6, 8, 16, and 24 h) to the 1 h loading time
for both the loaded (150 mmHg) and unloaded control group (0 mmHg). In addition,
contrast was employed to compare the loaded and the unloaded control group to one
another at each time point (1, 2, 4, 6, 8, 16, and 24 h). Differences were considered
significant at a p-value < 0.05.

4.2.2 Numerical model

Model equations
To describe the transport of cytokines through the EpiDerm culture and into the
medium, a distinction was made between cytokines that could move freely through
the culture and the medium (free cytokines, Cf ) and those that were bound to their
environment (bound cytokines, Cb). The bound cytokines could either be located
inside the keratinocytes (Cbc) or could be attached to the receptors on the cell-
surface membrane (Cbr). The partial differential equations to describe the transport
of cytokines are given in equation (4.1).
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Cytokines that were released from the keratinocytes became free in the
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extracellular fluid and were described by the source term f . Obviously, f = 0 in the
medium since no keratinocytes were present here. The second term in the equation
for Cf reflects the diffusion of cytokines, which was included in both the EpiDerm
culture and the medium, and was modeled using Fick’s second law of diffusion. The
diffusion coefficient (D) was obtained from experimental results (section 3.3) with
values of 2.3 · 10−5 mm2s−1 for the EpiDerm cultures and 6.9 · 10−5 mm2s−1 for
the medium. The remaining terms describe the binding to and the release from the
receptors, respectively. These terms were also only taken into account inside the
EpiDerm culture. The affinity of the receptors was indicated with the binding constant
kb and the release constant kr. The number of receptor sites per keratinocyte was
indicated by Rt. The equations were solved using the finite element method (see
appendix 4.5).

Model geometry
The EpiDerm culture, with a diameter of 8 mm, was placed in the middle of a six
wells plate with a diameter of 35 mm. The thickness of the EpiDerm culture was
determined to be on average 100 µm and due to the dimensions of the cell culture
insert was located 1 mm above the bottom of the plate. The medium volume that
was added in the experiments filled the well till a height of 1 mm. Therefore, a two
dimensional model, as shown in figure 4.1, with its axi-symmetric axis perpendicular
to the center of the well, was used as geometry for the simulations. The EpiDerm
culture and the medium were modeled using 40 and 200 elements, respectively.

Figure 4.1: Geometry of the EpiDerm culture (left upper grey rectangle) and the medium

(large white rectangle). The dashed-dotted line is the axi-symmetry line

Initial and boundary conditions
Zero flux was assumed for the boundary conditions of both the outer boundary
and along the axi-symmetric axis. The total cytokine values were determined from
the experimental results. The initial conditions were unknown since the values
in the sample were not measured at the start of the experiments. Therefore, the
initial value of the free cytokines in the EpiDerm culture (Cf

0 ) was estimated via a
fitting procedure. The medium was added freshly at the start of the experiments
and therefore, the initial cytokine value in the medium was zero. It was assumed
that the free cytokines were in equilibrium with those bound to receptors. From
this equilibrium, the initial value of Cbr was calculated. So, the initial conditions
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corresponding to this system were:

Cf (t = 0)
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∣
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0

Cf (t = 0)
∣

∣

medium
= 0

Cbr(t = 0)
∣

∣

EpiDerm
=

kbC
f
0Rt

kbC
f
0 + kr

(4.2)

Material parameter estimation
The material parameters were either obtained from literature, if possible, or identified
by fitting the computational results to the experimental observations. The values are
summarized in table 4.2.2. Synthesis of new cytokines was not included since the
total cytokine values were comparable at all time points as described in the results
section 4.3.2.

Table 4.1: Parameter values from literature ((1)Dower et al. (1985), (2)Dripps

et al. (1991), (3)Idriss and Naismith (2000), (4)Michel et al. (1992),
(5)Qwarnstrom et al. (1988))

Damage marker kb (ml pg−1 s−1) kr (s−1) Rt (pg ml−1)

IL-1α 2.7 · 10−7 (1) 3.5 · 10−4 (1) 1.7 · 106 (5)

IL-1RA 2.2 · 10−8 (2) 1.3 · 10−4 (2) 1.7 · 106 (5)

IL-8 fitted 60 · 103kb
(4) 2.2 · 106 (4)

TNF-α fitted 15 · 103kb
(3) 1.4 · 105 (3)

Another unknown that was estimated via a fitting procedure was the source term
f that represented the cytokines that were released from the keratinocytes. This
release was assumed to be constant in the unloaded situation. Loading the samples
decreased the membrane integrity of the keratinocytes, which was assumed to lead
to an instantaneous increase of the release of cytokines. This release was assumed to
decrease with time. These assumptions led to the following equation for the source
term in the loaded situation in which the parameters a and b have to be fitted.

f = ae−bt (4.3)

In the experiments, four different medium and culture cytokines were determined
simultaneously (IL-1α, IL-1RA, IL-8, and TNF-α). Simulating the transport of all
cytokines could be done in separate simulations, except for IL-1α and IL-1RA since
they bind to the same receptors. To determine all unknown variables, simulations
were performed with initial estimates. The medium cytokines, corresponding to this
set of variables, were determined with time and compared to the mean cytokine
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values, as determined in the experiments. The chosen estimates for the variables
were modified until the simulated values corresponded with the measured medium
values for both the unloaded and loaded situations.

4.3 Results

4.3.1 Damage assessment

Figure 4.2 illustrates the structural tissue damage that was observed as a result of
epidermal loading. It was evident that no damage occurred in unloaded cultures
(figure 4.2(a)). After 4 h of loading, the first signs of structural tissue damage
appeared in the upper layer of the epidermis (figure 4.2(b)). Some cell swelling,
vacuoles, and necrosis could be detected just below the stratum corneum. Epidermal
damage was enhanced with increasing loading times. After 8 h of epidermal loading,
more cell swelling and vacuoles could be detected (figure 4.2(c)). In addition, the
stratum corneum appeared less compact and the stratum granulosum was no longer
distinguishable. The most severe structural tissue damage was, however, found after
16 and 24 h of loading (figure 4.2(d)). In addition to the earlier observed structural
tissue damage, cell swelling and vacuoles could also be detected in the middle region
of the epidermis. Furthermore, the keratinocytes in the lower layer of the epidermis
seemed to be compressed.

(a) (b)

(c) (d)

Figure 4.2: Histology of unloaded (0 mmHg) EpiDerm cultures (a) and of cultures

loaded with 150 mmHg for 4 h (b), 8 h (c), and 24 h (d). The

tissue structure of EpiDerm cultures that were loaded for 1 and 2 h were

comparable to the unloaded control group (a). Furthermore, the tissue

structure after 6 and 16 h of loading were comparable to images (b) and

(d), respectively. The images were obtained in the middle of the loading

region, and the bars indicate a distance of 50 µm.
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Epidermal loading also affected the cell membrane integrity, as depicted in figure
4.3. An increase in the release of LDH was found in the medium as compared with
the unloaded control group (0 mmHg). A first significant increase could be detected
after 2 h of loading (4.6-fold vs 0 mmHg, p<0.001). This difference in LDH between
the loaded (150 mmHg) and unloaded control group further increased with time.
The release pattern of the loaded group showed a linear rise at the beginning of the
loading period. After 16 h of loading, the release of LDH remained nearly constant
with time. Compared to the unloaded control group, a 9.7-fold increase (p<0.001)
in the release of LDH could be measured after 16 h of loading. On the other hand,
the release pattern of LDH of the unloaded control group increased minimally with
time.
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Figure 4.3: LDH release (mean±SEM), expressed as optical density (OD) of the loaded

(150 mmHg) and the unloaded control group (0 mmHg) at various time

points (1, 2, 4, 6, 8, 16, and 24 h). *** indicates p<0.001 compared to the

unloaded control group (0 mmHg).

4.3.2 Cytokine measurements

Cytokine values were measured both in the EpiDerm culture and in the medium.
Table 4.3.2 illustrates the temporal profiles of cytokine values in medium, culture and
total (culture and medium) during applied loading of 150 mmHg. Although the total
cytokine values were significantly different at some time points, no general influence
of time was observed for any of the four cytokines.

It was evident that the IL-1α and IL-1RA values in the medium were very small
compared to the values in the culture during the 24 h of loading, implying that most
of IL-1α and IL-1RA remained within the EpiDerm culture (table 4.3.2). By contrast,
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Table 4.2: The medium, culture, and total values (mean±SEM) of IL-1α, IL-1RA, IL-8, and TNF-α after applying a pressure of

150 mmHg for various loading times (1, 2, 4, 6, 8, 16, and 24 h). The total cytokine values after 2, 4, 6, 8, 16, and

24 h were compared to the total value after 1 h of loading. * indicates p<0.05 and ** indicates p<0.01 compared to

the value after 1 hour of loading.

1 h 2 h 4 h 6 h 8 h 16 h 24 h

IL-1α medium 0.038 ± 0.01 0.052 ± 0.01 0.087 ± 0.02 0.099 ± 0.01 0.11 ± 0.02 0.25 ± 0.05 0.19 ± 0.04

(ng) culture 2.4 ± 0.15 2.4 ± 0.19 1.9 ± 0.21 2.1 ± 0.14 1.9 ± 0.19 2.7 ± 0.48 2.5 ± 0.41

total 2.5 ± 0.16 2.4 ± 0.19 2.0 ± 0.21 2.2 ± 0.14 2.0 ± 0.21 3.0 ± 0.52 2.7 ± 0.43

IL-1RA medium 0.61 ± 0.13 0.95 ± 0.12 2.0 ± 0.58 2.7 ± 0.50 4.0 ± 0.96 7.9 ± 0.96 7.6 ± 0.96

(ng) culture 302 ± 21 384 ± 39 306 ± 33 396 ± 29 362 ± 32 185 ± 24 185 ± 19

total 303 ± 21 385 ± 39 308 ± 33 399 ± 29 * 366 ± 32 193 ± 24 ** 192 ± 19 **

IL-8 medium 55.9 ± 12 109 ± 23 207 ± 42 218 ± 28 327 ± 74 646 ± 135 575 ± 119

(pg) culture 608 ± 53 670 ± 57 426 ± 56 586 ± 53 498 ± 66 456 ± 62 440 ± 66

total 664 ± 52 779 ± 68 633 ± 68 804 ± 49 * 825 ± 121 1102 ± 164 1015 ± 144

TNF-α medium 0.80 ± 0.19 0.98 ± 0.25 1.1 ± 0.30 1.6 ± 0.21 1.4 ± 0.29 3.7 ± 0.64 4.5 ± 0.64

(pg) culture 1.8 ± 0.56 3.4 ± 1.2 1.5 ± 0.36 1.6 ± 0.44 1.4 ± 0.43 1.3 ± 0.24 1.2 ± 0.28

total 2.6 ± 0.45 4.4 ± 1.2 2.7 ± 0.35 3.2 ± 0.43 2.8 ± 0.53 5.0 ± 0.61 5.7 ± 0.60 *
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the medium values of IL-8 and TNF-α were much more comparable to their values in
the culture.
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Figure 4.4: The values of IL-1α (a), IL-1RA (b), IL-8 (c), and TNF-α (d) in the medium

(mean±SEM) after applying a pressure of 0 and 150 mmHg for various

loading times (1, 2, 4, 6, 8, 16, and 24 h). * indicates p<0.05, **

indicates p<0.01, and *** indicates p<0.001 compared to the unloaded

control group (0 mmHg). The lines are the fits from the numerical model.

The increase in cytokines in the medium was evaluated to investigate the effect
of mechanical loading on cytokines release, which is depicted in figure 4.4. After
only 1 h of loading, there was a significant increase in the release of IL-1α (4.7-fold
vs 0 mmHg, p<0.01), IL-1RA (4.8-fold vs 0 mmHg, p<0.001), and IL-8 (3.6-fold vs
0 mmHg, p<0.01) (figure 4.4(a)-4.4(c)). By contrast, a significant increase in TNF-
α was only evident after 4 h of epidermal loading (5.1-fold vs 0 mmHg, p<0.05)
(figure 4.4(d)). Furthermore, the values of TNF-α in the medium were very small
and could hardly be detected using a high sensitive immunoassay technique.
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For all cytokines, the difference between the loaded and unloaded control group
increased with time. After 16 h of loading, the release of all cytokines remained
nearly constant, which is comparable to the release of LDH. Compared to the
unloaded control group, a 5.1-fold (p<0.001), 11.7-fold (p<0.001), 4.8-fold increase
(p<0.001), and 4.8-fold increase (p<0.001) was found for IL-1α, IL-1RA, IL-8, and
TNF-α, respectively, after 16 h of loading. The release pattern of the unloaded control
group only slightly increased with time, which was the most evident for IL-1α and
IL-8 (figure 4.4(a) and 4.4(c)).

4.3.3 Numerical simulations

Depending on the type of cytokine, different material parameters had to be adapted to
find the best fit for the simulated medium values compared to the mean experimental
data. The resulting numerical fits for all four cytokines for both the unloaded
(solid line) and loaded situations (dashed line) corresponded well with the measured
medium values, as illustrated in figure 4.4.

The distribution of the free cytokines in both the EpiDerm culture and the medium,
which was qualitatively comparable for all four cytokines, is depicted in figure
4.5. The highest values of free cytokines were observed in the EpiDerm culture.
The cytokines in the medium were inhomogeneously distributed due to their slow
diffusion properties.

Figure 4.5: Qualitative distribution of the free cytokines in the EpiDerm culture and the

surrounding medium after 24 hours of loading with 150 mmHg in the total

experimental setup. A magnification of this distribution in the EpiDerm

culture is depicted in the upper part.

Figure 4.6 shows the resulting release of cytokines from the keratinocytes after
the fitting procedure was finished. For the unloaded situation, a constant release
was assumed, which is clearly seen in figure 4.6. Mechanical loading resulted in an
increased release of cytokines. For IL-1α and IL-1RA, this release returned gradually
to normal values after approximately 18 h of loading. The TNF-α release also
decreased gradually in the beginning of the loading period whereas the release of
IL-8 remained fairly constant, due to the low value of b (equation 4.3) that resulted
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from the fit. For both IL-8 and TNF-α, the release from the keratinocytes ceased
abruptly at approximately 16 h.
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Figure 4.6: The release of IL-1α (a), IL-1RA (b), IL-8 (c), and TNF-α (d) from the

keratinocytes that resulted from the numerical simulations for both the

control group (0 mmHg, solid line) and the the loaded group (150 mmHg,

dashed line).

To explore the sudden decline in the release of IL-8 and TNF-α, the distribution of
cytokines inside the EpiDerm culture was investigated in more detail. For the bound
cytokines, difference was made between cytokines that were inside the keratinocytes
and those that were bound to receptors. Most of IL-1α and IL-1RA remained inside the
keratinocytes during the 24 h loading period, as depicted in figure 4.7. By contrast,
all IL-8 and TNF-α was released before the end of the loading period, resulting in the
sudden decline in the release, shown in figure 4.6. Part of these cytokines bound to
receptors while the largest part remained free.
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Figure 4.7: Simulated distribution of bound IL-1α (a), IL-1RA (b), IL-8 (c), and TNF-

α (d) in the EpiDerm culture after application of 150 mmHg. The dotted

black line illustrates the total value of bound cytokines (i.e. receptor and

total), the solid black line illustrates the cytokines bound to receptors and

the dashed grey line the cytokines inside the keratinocytes.

4.4 Discussion

Cytokines that can be measured in vitro after prolonged mechanical loading are
evaluated in the current study, since they might be suitable for pressure ulcer risk
assessment in vivo. The aim of the present study was to evaluate the pressure-time
regulation of the cytokines IL-1α, IL-1RA, IL-8, and TNF-α. Epidermal equivalents
were, therefore, subjected to either 0 or 150 mmHg in a custom-built loading device
for various loading periods (1, 2, 4, 6, 8, 16, and 24 h). Numerical simulations were
performed to estimate the temporal release of cytokines from the keratinocytes inside
the culture, based on their measured values in the medium.

In the present study, commercially available EpiDerm cultures were used. These
epidermal equivalents provide a representative model to evaluate biochemical
markers upon mechanical loading, since the general morphology of the EpiDerm
cultures is comparable to that of normal human epidermis. (Netzlaff et al., 2005;
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Ponec et al., 2002). Indeed, epidermal equivalents, such as EpiDerm, are currently
employed as diagnostic models for in vitro toxicology testing (Bernhofer et al., 1999;
Coquette et al., 2003; Faller et al., 2002; Faller and Bracher, 2002; Perkins et al.,
1999). The observed tissue damage and the release of cytokines into the medium
after 24 h of loading is comparable with an earlier study by Bronneberg et al. (2007),
indicating that reproducible results can be obtained using the current model system.

Some cell swelling, vacuoles, and necrosis could be detected after 4 h of epidermal
loading with 150 mmHg (figure 4.2), which are one of the first signs of cell damage
(Cobb et al., 1996). The release of LDH is often measured to assess the membrane
integrity and was found in the current study to be significantly increased after 2
h of loading (figure 4.3), confirming that the cell membrane integrity was indeed
affected. The structural tissue damage increased with time, since after 8 h, the
stratum corneum appeared to be affected as well. This layer represents the epidermal
permeability barrier, that protects the skin against excessive water loss as well as
mechanical and chemical insults (Elias and Friend, 1975). A less compact stratum
corneum might, therefore, indicate loss of structure and function of the epidermal
barrier.

In the current study, an increase in IL-1α, IL-1RA, and IL-8 was evident in the
medium (figure 4.4), prior to the onset of visible tissue damage (i.e. after 4 h of
epidermal loading). This increase was first apparent as quickly as 1 h after epidermal
loading. There was a much slower release of TNF-α, such that its significant increase
only coincided with the first signs of gross tissue damage. In addition, only very
small levels of TNF-α were present in the medium (figure 4.4), which could hardly be
detected using a ‘high sensitive’ immunoassay technique.

Upon epidermal loading with 150 mmHg, the release of the cytokines into the
medium showed a linear rise until approximately 16 h of loading. These results are
in agreement with the observed structural tissue damage, as well as with the extent of
cell membrane disruption or LDH leakage. Both damage assessment methods showed
an increase in tissue damage until a maximum was approximately reached after 16
h of loading. The total cytokine values (i.e. sum of the culture and medium values)
remained nearly constant with time (table 4.3.2), suggesting no additional synthesis
of any of the four cytokines during the experiments.

For a detailed evaluation of the described experiments, numerical simulations
proved indispensable. In the experiments, it was found that the release of IL-1α and
IL-1RA into the medium was much smaller than the values in the culture. For IL-8
and TNF-α, comparable values of culture and medium cytokines were detected. From
the numerical simulations it became clear that this difference was due to the bound
cytokines that were associated with the keratinocytes. The simulations indicated
that the temporal changes in cytokine levels in the medium were a direct result of
their transient behavior in the loaded EpiDerm culture. For both IL-8 and TNF-α,
the release from the keratinocytes suddenly declined when the total cytokine values
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were released. Under physiological conditions, this decline would be gradual until
all cytokines were released. The implemented constraint, that the values of cytokines
inside the keratinocytes cannot be lower than zero, resulted in the sudden decline in
the numerical simulations (figure 4.6).

Due to the dimensions of the experimental setup, the loading of 150 mmHg
was applied in the middle of the EpiDerm culture, resulting in inhomogeneous
deformation of the total culture. Histological examination revealed that the damage
beneath the indenter was more severe than the damage adjacent to the indenter,
which is comparable to indentation experiments with a skeletal muscle model system
(Breuls et al., 2003). However, it was difficult to assess the differences in damage
severity and to relate this to different responses of the keratinocytes. Therefore, it was
assumed in the simulations that the release from the keratinocytes was homogeneous
in the total EpiDerm culture.

Furthermore, it has been reported that diffusion is decreased in biological
constructs subjected to deformation (Gefen et al., 2008; Quinn et al., 2000). However,
identical results were obtained by simulating the experiments with a 50% lower
diffusion coefficient, since the EpiDerm culture was very thin compared to its surface
area in contact with the medium. Moreover, cytokine transport in the medium was
limited due to the low medium diffusion coefficient and not to diffusion inside the
EpiDerm culture. So, the diffusion coefficient of the unloaded EpiDerm culture, as
described in chapter 3, was found to be sufficient in the current study.

In conclusion, cytokines, such as IL-1α, IL-1RA, and IL-8, appear promising
biochemical markers for pressure ulcer risk assessment. After 1 h of epidermal loading
and before the onset of structural tissue damage, a first increase in the release of IL-
1α, IL-1RA, and IL-8 could be observed in the medium as compared with the unloaded
control group. On the other hand, TNF-α seems a less promising marker for risk
assessment, since an increasing value in the medium was detected when the first
signs of tissue damage were already apparent. Furthermore, the values of TNF-α
were very small and could hardly be detected using a ‘high sensitive’ immunoassay
technique. Numerical modeling enabled an interpretation of the results leading to a
first estimate of the kinetics of the cytokines inside the EpiDerm culture.

For further determination of the suitability of these cytokines for pressure ulcer
risk assessment, it should be established whether they could be measured after
prolonged loading in vivo. Ideally, these measurements should be quick and non-
invasive to enable a fast and objective assessment of the risk of an individual
subject. The authors believe that measuring the cytokine release alone might not
be sufficient to reflect the status of soft tissues and further research has to be focussed
on measuring the cytokine release in combination with other markers like lactate
production (Polliack et al., 1997) or transcutaneous oxygen and carbon dioxide
tension (Knight et al., 2001).
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4.5 Appendix

The finite element method was used to solve the set of equations (4.1) for Cf and
Cbr. Since Cbc only depended on the source term, this value could be calculated
afterwards. Cbr was only evaluated in the EpiDerm culture, since no keratinocytes
that could bind or store cytokines were present in the medium. The equations
were transformed to the weak form by multiplication by weighting function v and
integrated over the domain Ω. Subsequently, partial integration and Gauss’ theorem
were applied.
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(4.4)

Nonlinear terms, resulting from the binding terms, require linearization, meaning
that Cf and Cbr were substituted by Ĉf + δCf and Ĉbr + δCbr, respectively. Ĉf

and Ĉbr were estimates of the true solutions and δCf and δCbr the errors in these
estimations. Terms with δCfδCbr were very small and therefore neglected.



































































































∫

Ω
v
∂δCf

∂t
dΩ +

∫

Ω
D~∇v~∇δCf dΩ +

∫

Ω
vkbδC

fRtdΩ−
∫

Ω
vkbδC
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Spatial discretization per element was performed according to Galerkin to find
polynomial approximations of the solutions in each element. For this, shape functions
N
∼

were introduced that were applied to both the cytokine values and the weighting
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function. After some rearrangements, the set of equation read:
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with the following definitions:
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For temporal discretization, the Crank-Nicolson scheme was applied. This led to
the following set of equations, in which n+1 referred to the last updated solution in
the current time step and n to the converged solution in the previous time step. This
set of equations was solved using MATLAB.
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5.1 Introduction

Prolonged mechanical loading often results in degeneration of soft tissues involving
both skin and muscle tissues, resulting in a condition termed decubitus or pressure
ulcers. Current risk assessment is primarily based on nursing scales, all of which
are related to patient features that can easily be recorded by nursing staff in clinical
settings (Schoonhoven et al., 2002). However, none of these scales incorporate a
measure to indicate the tissue response to applied mechanical loading. Accordingly,
the use of these risk scales is often associated with an inappropriate use of preventive
measures (Vanderwee et al., 2007). This is particularly dangerous if the scale suggests
no requirement of preventive measures for those individuals who subsequently
develop an ulcer. Hence, a more objective reliable measure, involving either physical
and/or biochemical markers, is required to reflect the individual risk of damage to
loaded tissues.

Different studies have been performed to examine more objective ways of risk
assessment. For example, local tissue changes in subepidermal layers in the absence
of erythema have been observed in patients at risk using high resolution ultrasound
(Quintavalle et al., 2006). By contrast, skin temperature differences between areas
of erythema and the surrounding healthy tissue was not discriminative in predicting
pressure ulcer development (Sprigle et al., 2001). Other studies have focused on the
measurement of biochemical (e.g. lactate and urea) and/or biophysical markers (e.g.
transcutaneous oxygen and carbon dioxide tensions, TcPO2 and TcPCO2, respectively)
to describe the skin status after applied loading. For example, both lactate and urea
levels in sweat were found to increase after prolonged loading with relatively low
levels of pressure (23 mmHg) in a group of debilitated subjects (Polliack et al., 1997).
In terms of TcPCO2, significant higher levels were recorded in immobile subjects
compared to subjects who were able to move freely (Baldwin, 2001). Knight et al.

(2001) investigated simultaneously transcutaneous gas levels and sweat metabolite
concentrations in loaded sacral tissues of healthy volunteers. The data suggested a
threshold value, namely, a 60% reduction from unloaded TcPO2 levels, beyond which
there was an associated increase in sweat lactate concentrations.

Although these methods suggest a potential to identify individual susceptibility,
it is proposed that a combination of markers, as opposed to a single marker, is
required to fully assess the status of soft tissues (Bader et al., 2005). With respect
to non-invasive measurements, these markers should ideally be released rapidly
from cells in the superficial layer of the skin. Candidate biochemical markers
include primary cytokines, such as interleukin-1α (IL-1α), interleukin-1β (IL-1β), and
tumor necrosis factor α (TNF-α), since these are quickly released upon irritation of
keratinocytes in the epidermis. These cytokines play an important role in the initiation
of inflammatory and immunological reactions in the skin (Kupper, 1990; Mast and
Schultz, 1996; Uchi et al., 2000) and can induce the release of secondary cytokines,
such as interleukin-6 (IL-6), interleukin-8 (IL-8), and granulocyte macrophage colony
stimulating factor (GM-CSF) (Henry and Garner, 2003).
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It has been demonstrated that several cytokines are released upon chemical
irritation of the epidermis in vivo (Corsini and Galli, 1998; Spiekstra et al., 2005).
In vitro, the release of some primary cytokines (IL-1α and interleukin 1 receptor
antagonist (IL-1RA)) was reported to have increased after mechanical loading of
keratinocyte monolayers (Lee et al., 1997; Takei et al., 1998). In addition, the release
of IL-1α, IL-1RA, IL-8, and TNF-α were reported to increase in tissue engineered
epidermal equivalents with both the magnitude of the applied pressure (Bronneberg
et al., 2006, 2007) and the loading time (chapter 4). These promising in vitro findings
suggest a role for these candidate cytokines in assessing the tissue reaction in response
to mechanical loading.

In the current study, the suitability of cytokine measurements for assessing the
epidermal tissue response after mechanical loading in vivo is examined. The release
of IL-1α, IL-1RA, and IL-8 was evaluated after controlled mechanical loading of the
forearm of healthy volunteers to address the following questions:

⊲ Are cytokines released in vivo after controlled mechanical loading?
⊲ Is there a temporal and/or spatial release profile of cytokines?

In conjunction with this experimental approach, a numerical model was developed to
evaluate:

⊲ The cytokine distribution inside the epidermis
⊲ Whether the cytokine values at the top surface of the stratum corneum reflect

those in the viable epidermis, despite a lower diffusion coefficient in the stratum
corneum

5.2 Materials and methods

5.2.1 Experimental study

Experimental procedure
The in vivo release profiles of cytokines after sustained mechanical loading was
determined in healthy human volunteers. Exclusion criteria involved skin conditions,
such as eczema or psoriasis. The research protocol was approved by the Medical
Ethical Committee of the academic hospital in Maastricht, and furthermore, all
patients signed informed consent forms prior to application. The experiments were
carried out in a room in which the temperature was controlled at 21◦C and the
humidity at 50%. After an acclimatization period of 15 minutes, the subjects were
asked to rinse their forearm with water and gently dry it. Subsequently, the volar
aspect of the forearm was placed within a loading gantry, with a vertical column at
the base of which was an indenter (diameter 38 mm), as illustrated in figure 5.1(a).
A load equivalent to a nominal pressure of 100 mmHg (13.3 kPa) was applied to the
volar aspect of the forearm for 2 hours. This pressure is within the range of that
measured at patients lying in a hospital bed (Kanj et al., 1998) and that applied in
other studies examining tissue response in healthy tissues (Knight et al., 2001).
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(a) (b)

Figure 5.1: (a) An indenter is used to apply pressure to the forearm of healthy

volunteers. (b) The release of cytokines is measured at different positions

on the forearm. Tape stripping (TS) is performed near the wrist, the control

measurement as wel as the loading and the additional measurements after

loading were performed in the middle of the forearm (L). Directly next to

the loading position (NL) the release of cytokines is also measured. The

pressure-roller used to press the tapes to the skin is depicted in the upper

part of this figure.

Two different protocols were used to obtain temporal and spatial release profiles
of cytokines after sustained mechanical loading. In the first protocol, a total of 16
healthy human volunteers, of age between 23 and 64, were included in the study.
The cytokine release was measured at different positions along the volar aspect of
the forearm (figure 5.1(b)). As a control, the release was determined before loading
(BL) at the loading position (L) by applying Sebutape (CuDerm Corporation, Dallas,
TX, USA), with an area of approximately 4 cm2, for 2 minutes to the skin surface.
To avoid cross contamination of skin proteins, the tapes were applied using blunt
tweezers and gloves. The pressure used to press the tapes onto the skin surface was
kept constant by using a custom-built pressure-roller (figure 5.1(b)). Directly after the
two hour loading period, the cytokine release was determined at the loaded site (AL)
and at an adjacent site (NL). Two further measurements were made at the loading
position at 10 (10AL) and 20 (20AL) minutes after the loading period. The release
of cytokines was evaluated after tape stripping (TS) as a positive control. Adhesive
tapes were successively applied for 4 times at a different location on the volar aspect
of the forearm (figure 5.1(b)). All Sebutapes were stored in vials at -80◦C prior to
further analysis of cytokine values.

A second protocol examined the temporal release profile for an extended time
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period. This study included a total of 12 healthy human volunteers, aged between
19 and 22 years. Control cytokine release was measured at the volar aspect of the
forearm at the loading position (L, figure 5.1(b)) using Sebutapes applied in a similar
manner to that described in the first protocol and subsequently, the volar aspect of the
forearm was loaded. Directly after unloading, Sebutapes were applied to measure the
cytokine release. These measurements were repeated 30 (30AL), 60 (60AL), and 120
(120AL) minutes after unloading, as well as 24 hours after load removal (24hAL). All
tapes were stored in vials at -80◦C prior to further analysis of cytokine values.

Sebutape extraction and cytokine analysis
The extraction of the cytokines from the Sebutapes was based on a study by Perkins
et al. (2001). To review briefly, the vials with tapes were thawed to room temperature
and subsequently, 2 ml phosphate buffered saline (PBS; Sigma-Aldrich, St. Louis,
Missouri, USA) was added to each vial. After 1 hour, the tapes were sonicated for
10 min at 20◦C, vigorously vortexed for 2 min and additionally mixed with a pipette
tip. The tape extracts were refrozen overnight at -80◦C. Then, the tape extracts were
thawed, vortexed for 1 min and additionally mixed with a pipette to recover the total
extracts from the tapes. The amount of cytokines was determined from these tape
extracts.

The levels of IL-1α, IL-1RA, and IL-8 in the tape extracts were determined
by ELISA, as previously detailed (Bronneberg et al., 2007). For quantification,
Maxisorp immunoplates (Nalge Nunc International, Roskilde, Denmark) were coated
overnight at room temperature with capture antibody. Subsequently, the plates were
blocked with PBS / 0.5% BSA for 1 h at room temperature, after which the culture
supernatants and standards were added to the plates. After incubation for 1 h at
room temperature and washing in PBS / 0.005% Tween-20, a detection antibody was
added. The plates were incubated with 1:10000 diluted streptavidin-HRP (M2032,
Sanquin Reagents, Amsterdam, The Netherlands) for a period of 30 min. The enzyme
reaction was initiated by adding 0.2 mg/ml of o-phenylenediamine dihydrochloride
in 0.11 M acetate pH 5.5 and 0.03% hydrogen peroxide and stopped with 2M H2SO4.
A dilution buffer of PBS / 0.5% BSA / 0.005% Tween-20 was used as blank in this
assay. Absorbance was determined at 490 nm using a plate reader. The antibodies and
standards for IL-1α and IL-1RA were purchased from R&D systems (Abingdon, United
Kingdom) and those for IL-8 from Sanquin reagents (Amsterdam, The Netherlands).

Statistics
For each individual, the release of cytokines was normalized with its own control
release to accommodate any inter-individual differences. All data is depicted as
mean+SEM. Analysis of variance (ANOVA, Statgraphics centurion XV) was performed
to compare the release of cytokines at all measured locations. Subsequently, post hoc
determination of statistical significance was performed by a Dunnett test, in which all
results were compared to the control release. Differences were considered statistically
significant at a 5% level (p < 0.05).

In the measurements using the first protocol, the age of the volunteers varied
considerably. To test whether there is a relationship between age and IL-1α release,
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correlation analysis (ANOVA, Statgraphics centurion XV) was performed.
Two-step cluster analysis (SPSS 16.0) was performed to determine if the response

of all volunteers directly after unloading was similar or that volunteers could be
divided in different sub-populations.

5.2.2 Numerical model

Model equations
To relate the cytokine values measured at the top surface of the stratum corneum,
a dead layer of cornified cells, to those in the viable epidermis, a numerical model
was developed. The transport of cytokines through the compromised epidermis was
modeled in a similar way to that in the in vitro EpiDerm cultures as detailed in section
4.2.2. To review briefly, cytokines that could move freely through the epidermis (free
cytokines, Cf ) were distinguished from those that were bound to their environment
(bound cytokines, Cb). The bound cytokines could either be located inside the cells
(Cbc) or could be attached to the receptors on the cell membrane (Cbr). Then,
cytokine transport was described by the following partial differential equations.
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The source term f represented cytokines that were released from the cells and
became free in the extracellular fluid. This term was associated with the viable
epidermis, as opposed to the stratum corneum with its cornified cells, in which f
was assumed to be zero. The release of IL-1α as determined in the in vitro situation
was assumed for this source term:

f = 0.8e(−6·10−6t) (5.2)

With this assumption, it was hypothesized that in vivo tissue responded similarly
to mechanical loading as in vitro tissue.

Diffusion of cytokines through the epidermis was modeled using Fick’s second law
of diffusion, with a diffusion coefficient in the viable epidermis of 6.2·10−7 cm2s−1

(chapter 3). The diffusion in the stratum corneum was estimated to be 3.3·10−8

cm2s−1, based on the Mackie and Meares (1955) relation Dtissue/Dmedium =
(nf )2/(2− nf )2, with a fluid fraction (nf ) of 0.36 (Wang et al., 2007).

The remaining terms described the binding to and the release from receptors
expressed by keratinocytes in the viable epidermis. The affinity of the receptors was
indicated with the binding constant kb and the release constant kr. The number of
receptor sites per cell was represented by Rt. The values for these constants were
obtained from the literature (Dower et al., 1985; Dripps et al., 1991; Qwarnstrom
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et al., 1988) and are summarized in table 4.2.2. The equations were solved using the
finite element method.

Model geometry
An axi-symmetric two dimensional model geometry as schematically depicted in
figure 5.2 was used to model cytokine transport in compromised skin. Due to the
large differences in height of the epidermis and the radius of the indenter, different
length scales for the x and y direction were used in this figure. The thicknesses of the
viable epidermis and the stratum corneum were assumed to be 85 µm and 15 µm,
respectively (Bouwstra et al., 2003). The radius of the indenter was 19 mm. Since
the cytokine release was also measured next to the loading position, the cytokine
distribution in the adjacent 19 mm of the indenter was also modeled. The heights
of the viable epidermis and stratum corneum were divided in 24 and 6 elements,
respectively. For the lateral direction, 30 elements were used for the skin beneath the
indenter and 30 elements for the skin adjacent to the indenter, resulting in a total of
1800 elements.

Figure 5.2: Geometry used to model cytokine transport in the viable epidermis (dark

grey) and the stratum corneum (light grey). It needs to be emphasized that

the x and y length scales are different. The vertical lines represent the area

that is loaded. The dashed-dotted line is the axi-symmetry line.

Initial and boundary conditions
Zero flux was prescribed for the total boundary, assuming that cytokines were not
removed from the stratum corneum during loading. With these boundary conditions,
it is furthermore assumed that the concentration in the adjacent dermis equals the
concentration in the basal layer of the epidermis. The initial conditions for free and
bound cytokines that were fitted by simulating the in vitro experiments (section 4.2.2)
were also used for the current simulations.

Model application
In the experiments that were performed in the current study, only IL-1α could be
measured (section 5.3.1) and was, therefore, the only cytokine that was modeled.
The release due to mechanical loading was simulated for the total 2 hour loading
period. The resulting cytokine values were normalized to their release in the unloaded
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situation. Furthermore, the cytokine values in the viable epidermis and at the top
surface of the stratum corneum were compared to determine whether the measured
cytokine values at the top surface of the stratum corneum reflect the values that were
present in the viable epidermis.

5.3 Results

5.3.1 Experimental study

The release of cytokines was measured at the forearm of human volunteers after
controlled mechanical loading with 100 mmHg for 2 hours. All measurements were
normalized with their own control measurement. In the performance of the two
different protocols, the normalized release measured directly after unloading was
similar (2.4 ± 1.1 pg ml−1 and 2.6 ± 1.1 pg ml−1 in the first and second protocol,
respectively) and all data was, therefore, pooled. The absolute values of the control
IL-1α release ranged from 7.74 to 227 pg ml−1, with a mean ± standard deviation
(sd) of 37 ± 41 pg ml−1. This large standard deviation was due to one extremely
high measurement. Although there was no indication why this value was extremely
high, the results of this volunteer were omitted in the subsequent analysis since it
was larger than mean + 3 sd. This changed the range of absolute control values from
7.74 to 56.6 pg ml−1, with a mean of 30.3 ± 17 pg ml−1.

Figure 5.3 illustrates that the normalized release of IL-1α was significantly
increased due to mechanical loading (AL, p<0.01) and this release remained
significantly elevated (p<0.01 in both cases 10AL and 20AL) for an unloaded period
of up to 20 min. However, by 30 minutes the mean ratio had decreased to only 1.5
compared to the control value (p>0.05). No significant increase was also found for
the release at longer time periods after unloading (60AL, 120AL, 24hAL). Directly
after unloading, the release measured adjacent to the loading site (NL) was not
significantly different from the release before loading (p>0.05), implying that the
observed increase at the loading position is a local tissue response. The release of
IL-1α measured after tape stripping (TS) was also significantly increased compared
to control values (p<0.05).

In the experiments using the first protocol, the subject age varied considerably.
However, statistical analysis revealed no correlation between the release of IL-1α and
age.

Close examination of the individual normalized data directly after tissue loading
revealed considerable variability, as illustrated in figure 5.4. Two Step cluster
analysis indicated two distinct sub-populations (figure 5.4). In one cluster the mean
normalized cytokine release due to mechanical loading was 2.0 ± 0.49, whereas in
the other it was highly elevated with a mean of 4.2 ± 0.53.
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Figure 5.3: Release of IL-1α after mechanical loading was measured at different time

points after unloading (0 min (AL), 10 min (10AL), 20 min (20AL), 30 min

(30AL), 60 min (60AL), 120 min (120AL), and 24 h (24hAL)), adjacent to

the loading site (NL) and after tape stripping (TS). The dashed line indicates

the normalized value of unity, corresponding to the release before loading.

Results are depicted as mean + SEM; * indicates p<0.05 and ** indicates

p<0.01 compared to the release before loading.

The release of IL-1RA and IL-8 was below the detection limit of the ELISA (31 pg
ml−1 and 12 pg ml−1, respectively) for all measurements.

5.3.2 Numerical study

Cytokine values were measured at the top surface of the stratum corneum to obtain
an estimate of the tissue response to mechanical loading. It is, however, still
unknown if this concentration is representative of the concentration of cytokines
in the viable epidermis, since the reduced diffusion in the stratum corneum might
hinder the cytokines to diffuse to the top surface of the stratum corneum. Therefore,
numerical simulations were performed to simulate the experiments. IL-1α values
were determined at four different depths in the epidermis, as indicated in figure
5.5(a).

The free IL-1α concentration after 2 hours of loading is normalized to the control
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Figure 5.4: The normalized IL-1α values directly after unloading of all volunteers are

depicted. Cluster analysis revealed that these data consist of two distinct

sub-populations.

IL-1α values and depicted in figure 5.5(b) at different depths in the epidermis. It was
observed that in the loaded area (19 mm < x < 38 mm), the values were increased
compared to the unloaded area (0 mm < x < 19 mm). The diffusion of IL-1α from
the loaded area to the unloaded area appeared to be negligible at this time scale.
The IL-1α values at the top surface of the stratum corneum (the green line) were
comparable to those found in the viable epidermis, with a difference of less than 1%.

In figure 5.5(c), the free IL-1α values in the loaded area (at x = 38 mm) are
depicted with time at different depths to investigate whether the values at the top
surface of the stratum corneum were also representative for those in the viable
epidermis at earlier time points. It was observed that the levels at the top surface
the stratum corneum (green line) closely followed those in the viable epidermis at
all time points, implying that, despite a lower diffusivity in the stratum corneum, no
decreased free IL-1α levels were observed at the top surface of the stratum corneum.

5.4 Discussion

In the current study, the release of cytokines in compromised skin was measured in

vivo after mechanical loading of the forearm of healthy human volunteers. Sebutape
was used to collect locally the cytokines at the skin surface. It was found that
controlled application of pressure resulted in an increased release of IL-1α that
persisted for approximately 20 min, after which the release decreased. By contrast,
release adjacent to the loaded site was not elevated, suggesting that the effect was
localized in nature. Numerical analysis revealed that, despite the lower diffusion in
the stratum corneum, the values measured at the top surface of the stratum corneum
reflected those in the viable epidermis. These results suggest that IL-1α might be used
non-invasively as in vivo marker for mechanically induced skin damage.

The mean IL-1α release directly after mechanical loading was on average 2.5
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Figure 5.5: The simulated free IL-1α is normalized to the control IL-1α values and

depicted at different depths in the epidermis that are indicated in figure (a).

The spatial distribution of IL-1α is depicted after 2 hours of mechanical

loading (b) and the temporal distribution along the axi-symmetry axis (c).

times higher than its release in the control situation (figure 5.3). This increase is
comparable to that observed in human volunteer studies by de Jong et al. (2007).
Exposure of the volar aspect of the human forearm to 10% SLS, the irritant sodium
lauryl sulphate, for 4 hours resulted in a doubling of the IL-1α levels in transdermal
fluid samples.

The levels of IL-1RA and IL-8 could not be measured in the current study, since
the amounts were below the detection limit of the ELISA. By contrast, in a previous
study which used the Sebutape sampling method, the release of all three cytokines
in normal human skin was reported, although IL-8 could not be detected in some
subjects (Perkins et al., 2001). IL-8 is a secondary cytokine which is produced
following skin irritation and is, therefore, not normally released in healthy skin. In
wound healing, however, the IL-8 concentration is elevated, reaching a maximum at
24 hours (Henry and Garner, 2003). This time interval far exceeds that employed in
the present study and might explain the lack of detection of IL-8. To test whether the
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sampling method of Perkins et al. (2001) could be validated in the current study, the
recovery efficiency of IL-1α was determined prior to analyzing the samples and found
to be approximately 100%. However, these tests were not performed for the other
cytokines. Since IL-1RA could not be measured, it might indicate that the sampling
method used in the current study has to be optimized for cytokines other than IL-1α.

The age of all people who participated in the study in which the first protocol was
used varied considerably; out of these 16 subjects, 4 were above 50 years and the
others below 30. Although the age distribution was clearly inhomogeneous in nature
and the number of volunteers was limited, an analysis was performed to relate the
IL-1α release with age and no significant correlation was observed. Obviously, this
needs to be established in future research in which more subjects will be recruited
from a wide range of age.

The current study indicates that the mean release of IL-1α is elevated in vivo at
compromised skin and that this release can be measured non-invasively. However, it
still needs to be established in what way IL-1α can be used to distinguish individuals
at particular risk of developing pressure ulcers. Despite the limited number of
subjects, it was cautiously tried to evaluate differences in the response between
subjects.

The data obtained suggest that, based on the response directly after unloading,
individuals might be divided in two groups (figure 5.4). Due to the use of two
different protocols, it was difficult to map the responses of the subjects longitudinally
with time. However, the results suggested that high levels of some subjects remained
elevated with time. It is accepted, however, that these analyses do not predict
susceptibility of risk for individuals in the present study.

The present study was also limited in employing two subject groups, one to
be monitored at short time periods (≤ 20 minutes) and the other at longer time
periods (≤ 24 hours). This precluded the continuous measurement of cytokine levels
with time. Such a longitudinal approach is currently being pursued in an extended
study on human volunteers, in which IL-1α release after mechanical loading will be
determined at all time points in all volunteers. Other future work will be focused
on measuring the tissue status at grade 1 pressure ulcers. Ethical approval is already
obtained, implying that this technique is considered to be acceptable for use in clinical
situations.

A numerical model was used to simulate the experimental observations. The
results indicated that the free IL-1α values at the top surface of the stratum corneum
were comparable to those in the viable epidermis, implying that the measured
cytokine values reflect the tissue response in the viable epidermis. Possible removal of
cytokines via the blood or enzyme reaction was neglected. In this model, the release
of IL-1α from the cells was assumed to be equal to the release determined from the
in vitro tissue engineered model (chapter 4). Using this release, the concentration
in the loaded area after 2 hours of loading was approximately 5.5 times as high as
the concentration found in the unloaded area. In the experimental part of this study,
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applying pressure for 2 hours resulted in a 2.5 fold increase in the release of IL-1α.
It should be noted that the pressure applied in the in vitro study was 150 mmHg,
whereas the forearm of the volunteers was loaded with 100 mmHg. These findings
indicate that the in vitro and in vivo results correspond quantitatively very well.

In conclusion, controlled mechanical loading of the human forearm resulted in an
increased release of IL-1α. The release measured non-invasively at the top surface
of the stratum corneum did reflect the free cytokine values in the viable epidermis.
These findings indicate that IL-1αmay be a promising tool to assess the tissue status of
individual subjects after sustained mechanical loading. This marker might be used in
combination with other markers to determine the individuals susceptibility to develop
pressure ulcers.
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6.1 Introductory remarks

Pressure ulcers represent localized areas of degenerated soft tissues, such as skin and
muscles, that are caused by prolonged mechanical loading. In clinical institutions,
the prevalence of pressure ulcers is unacceptably high, ranging in the Netherlands
from 18% in nursing homes to 15% in academic hospitals (Halfens et al., 2007).
Nowadays, the patients risk is determined using risk scales and clinical observation.
However, a number of subjects are incorrectly classified according to these risk scales
(Schoonhoven et al., 2002). This means that prevention is given to patients that
were not at risk, which increases the treatment costs and even worse, patients that
were at risk did not receive adequate preventive measures, enhancing the possibility
of developing pressure ulcers. Hence, more reliable techniques for pressure ulcer
risk assessment of individual patients are of great importance. We propose that the
risk assessment procedure can be improved by including objective measurements of
physical and/or biochemical markers, reflecting the physiological response of tissues
to mechanical load.

The present thesis focused on the kinetics and transport of biochemical markers
in the human epidermis to evaluate their suitability for assessing tissue responses
after prolonged mechanical loading. Candidate biochemical markers included ions
and cytokines, in particular calcium, interleukin-1α (IL-1α), interleukin-1 receptor
antagonist (IL-1RA), interleukin-8 (IL-8), and tumor necrosis factor-α (TNF-α), since
they are involved in the early recovery response after epidermal barrier perturbation
(figure 1.2).

A numerical model was developed to evaluate the transport processes responsible
for the calcium distribution in normal and compromised epidermal tissues. A model
was also developed to examine the kinetic behavior and transport of cytokines,
based on a previous experimental study involving normal and compromised tissue
engineered epidermal equivalents (Bronneberg, 2007). To obtain further input
for this numerical model, additional experiments were performed to evaluate the
diffusivity of these cytokines as well as their synthesis rate.

Subsequently, cytokine release was determined in a human volunteer study
to evaluate the feasibility of measuring cytokine release in vivo. Non-invasive
measurements were performed to examine cytokine release after prolonged
mechanical loading of the human forearm. Temporal release profiles were examined,
as well as localization of this cytokine release. Numerical modeling was used to
determine if the cytokine values measured in these experiments at the top surface of
the stratum corneum accurately reflect the cytokine values in the viable epidermis.

The current chapter evaluates the applied numerical and experimental methods
and highlights the most important findings. Besides, indications for future research
and their relevance for clinical practise are addressed.
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6.2 Model systems

Both numerical and experimental models were developed in the present thesis. Part
of the experimental studies was performed to obtain values of parameters needed
for the numerical simulations. Other experiments were performed to investigate the
suitability of cytokine measurements for determination of the tissue response after
mechanical loading. These cytokine measurements had to be performed indirectly,
i.e. at the boundaries of the epidermal tissues. Therefore, numerical models were
developed to evaluate the distribution of markers inside the epidermis for an accurate
evaluation of the tissue response.

6.2.1 Parameter determination

Several parameters were needed to describe the transport of calcium and cytokines in
the human epidermis. To model calcium transport due to electrophoresis, values
from literature were used (chapter 2). Literature values were also obtained for
most of the binding and release constants of cytokines, as well as for the number
of receptors. The unknown parameters regarding binding and release for both the
calcium and cytokine models were determined by fitting the results of the simulations
of the control situation to the known physiological concentrations. These were either
determined from literature (chapter 2) or from experiments (chapter 4). The fitted
values were used to describe the marker distribution in compromised skin in vivo.

The diffusion coefficients of calcium and cytokines were required to model the
diffusion using Fick’s second law. To model the calcium diffusion, values were used
from Lide (1997). No values for the diffusivity of cytokines in epidermal tissues
were found in literature and therefore, fluorescent recovery after photobleaching
(FRAP) experiments were performed to obtain a measure for the diffusion coefficient
of cytokines (chapter 3). This technique is used to measure the diffusion properties
of fluorescently labeled molecules. Since cytokines are not fluorescent, fluorescently
labeled dextran molecules with similar molecular weight were used to determine the
diffusion coefficient. Although it is accepted that factors other than molecular weight
influence diffusivity, for example protein configuration, the present approach has
often been used to study diffusivity of all kinds of proteins. For example, Quinn et al.

(2000) also used labeled dextran molecules to evaluate the diffusivity of cytokines
within statically compressed cartilage.

The FRAP experiments were performed in the viable epidermis where the water
content is constant. By contrast, in the stratum corneum, the reduction in water
content (Caspers et al., 2000; van Kemenade et al., 2003) is associated with a
decreased diffusivity. However, the spatial resolution of the microscope was not
sufficient to measure the diffusivity as function of depth in the total epidermis.
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6.2.2 Marker values in the epidermis

The concentration of the markers under physiological conditions as well as changes in
these concentrations due to damage of the epidermal barrier had to be determined to
model the transport of biochemical markers in the epidermis. The epidermal calcium
gradient was determined by Mauro et al. (1998) using proton induced X-ray emission
(PIXE) and these values were used to evaluate the normal calcium distribution. It
was demonstrated that diffusion, convection and the electrical potential change after
barrier perturbation (Denda et al., 1999; Edelberg, 1977; Jaffe and Vanable, 1984)
and these changes were used to model the calcium gradient in the compromised
epidermis.

For the cytokines, experiments were performed to obtain cytokine release profiles.
The model system used in chapter 4 to measure cytokine release with time after
sustained mechanical loading was developed by Bronneberg et al. (2006). An
indenter with additional weight was used to apply load to tissue engineered
epidermal equivalents. In this experimental set-up, it was possible to control several
experimental conditions, such as temperature and humidity, which enabled the
examination of the tissue response to pressure alone.

The response of the uppermost layer of the skin was examined, since it was
expected that this superficial response could be measured non-invasively. Therefore,
tissue engineered epidermal equivalents were used in the in vitro experiments. In
these experiments, cytokine values were determined in the epidermal culture as
well as in the surrounding medium. In the epidermal culture, cytokines can be
free in the extracellular fluid, bound to the cell surface receptors or remain inside
the keratinocytes. In the medium, only free cytokines are present. The cytokines
bound to the cell receptors might transmit signals that cause adjacent keratinocytes
to release other cytokines, i.e. a paracrine effect. It is therefore interesting to relate
the medium measurements to the amount of bound cytokines. However, it was
not possible to distinguish free and bound cytokines inside the culture. Therefore,
an indirect estimation of values for free and bound cytokine was obtained using
numerical simulations.

In vitro experiments can be used to examine the effect of load application alone, in
the absence of confounding external factors, such as the disease state of the patient or
the influence of drugs. Obviously, these factors do play a role if these measurements
will be used for pressure ulcer risk assessment. Therefore, in vivo experiments were
performed to determine non-invasively the release of cytokines in human volunteers
after applied loading. The load in these experiments was also applied using an
indenter with additional weights. With this experimental set-up, the pressure could
easily be applied during the two hour loading period.

The volar aspect of the human forearm, which was loaded in the in vivo

experiments, is not considered to be a risk site for development of pressure ulcers.
Nevertheless, it was chosen to load that part of the body, based on the hypothesis that
the tissue response to mechanical load does not depend on body site. Furthermore, it
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was more convenient for the volunteer to load that site instead of pressure ulcer risk
sites such as the shoulder, trochanter or sacrum.

6.2.3 Description of the numerical models

Different transport processes were taken into account to model the distribution
of biochemical markers inside the human epidermis. In chapter 2, diffusion,
convection and electrophoresis processes were used to model the free calcium
distribution. Subsequently, binding and release equations were solved to calculate
the corresponding bound calcium concentration. Convection was expected to be
important in compromised skin, since experimental studies (Menon et al., 1992)
explained the loss of the physiological calcium gradient among others by differences
between convection in normal and compromised skin. Therefore, terms of convection
were included in analyzing the calcium distribution, although dimensionless analysis
revealed that convection was negligible compared to transport due to diffusion and/or
electrophoresis. Using this model, the relative contribution of the different transport
processes in the calcium distribution in the compromised epidermis was evaluated.

Similar modeling equations were used to describe cytokine transport in both in

vitro and in vivo epidermal tissues (chapters 4 and 5). In these models, terms
for diffusion, cytokine release from the keratinocytes and release and binding
of cytokines to receptors expressed by the keratinocytes were included. Again,
convection was considered negligible as determined by dimensionless analysis and
was thus omitted in the analysis of the cytokine transport.

The implementation of the diffusion process was slightly different in the calcium
and cytokine models. In modeling the calcium distribution in the epidermis (chapter
2), the gradual decrease in fluid content in the stratum corneum, as determined in
several experimental studies (Caspers et al., 2000; van Kemenade et al., 2003), was
used to calculate the diffusion coefficient at different depths in the stratum corneum.
Consequently, the diffusivity decreased gradually to the outer part of the stratum
corneum.

By contrast, in the models describing the cytokine distribution, the gradual
decrease in diffusivity was not included. In the in vitro experiments (chapter
4), the volume of the EpiDerm culture was very small compared to the medium
volume and the loading time was much longer than the characteristic diffusion
time. Consequently, differences in the diffusivity in the stratum corneum minimally
influenced the cytokine distribution in the culture or in the medium. Therefore, the
EpiDerm cultures were assumed to be homogeneous and the diffusion coefficient in
the total stratum corneum was assumed to be the same as that in the viable epidermis.

Chapter 5 describes the cytokine distribution in the in vivo situation. These
simulations were aimed at evaluating differences between cytokine values in the
viable epidermis and at the top surface of the stratum corneum. Initially, a lower
diffusion coefficient was assumed for the total stratum corneum, because that would
produce a large effect of the lower fluid content in this part of the epidermis. Since
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these results did not reveal differences in cytokine values in the viable epidermis
and at the top surface of the stratum corneum, implementing the dependency of the
diffusion coefficient on fluid content became redundant.

Summarizing, the diffusion coefficient was modeled as a function of depth in the
calcium model. Identical diffusivity was assumed for both the viable epidermis and
the stratum corneum in the in vitro model. And in modeling the in vivo experiments,
a constant diffusion coefficient was adopted for the viable epidermis and a lower,
constant, diffusion coefficient for the stratum corneum.

In chapter 4, the distribution of cytokines that resulted from the numerical
simulations was evaluated quantitatively. The aim of these simulations was to
determine cytokine release from the keratinocytes with time, which was estimated
by fitting the in vitro experimental results to the simulated medium concentration.
Furthermore, differences in free and bound cytokines inside the epidermal cultures
were addressed. These results were applied in modeling the cytokine distribution
in the in vivo situation to compare the cytokine concentration at the top surface of
the stratum corneum to that in the viable epidermis. In these simulations, the IL-1α
release determined in the in vitro experiments was assumed for all layers of the viable
epidermis.

In the models developed in chapters 2 and 5, the trends in tissue response
were observed rather than evaluating quantitative values. The results depicted were
concentrations normalized to the values under physiological circumstances. The aim
for modeling calcium transport was to investigate the contribution of the different
transport processes to the calcium distribution, which could be determined using
normalized values. The in vivo cytokine release was normalized to account for
inter individual differences. Therefore, the results of the in vivo simulations were
normalized too.

6.3 Main Results

The distribution of several biochemical markers in normal and compromised human
epidermis was evaluated in this thesis. It was demonstrated that IL-1α release was
significantly increased after mechanical loading, both in vitro and in vivo, and that
this marker could be measured non-invasively. Therefore, this cytokine is a promising
candidate as a biochemical marker to determine the tissue status after mechanical
loading. More research is needed to assess the suitability of the other cytokines as
risk assessment markers. By contrast, the use of calcium as marker does not seem
promising.

The influence of several transport processes on the calcium distribution was
investigated using numerical simulations (chapter 2). The decrease in the calcium
gradient after barrier perturbation (figure 2.3) was found to be predominantly
due to a decrease in the electrical potential across the nucleated layers of the
epidermis. Diffusion dominated the calcium distribution in the stratum corneum,
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while the contribution of convection appeared negligible in the total epidermis. The
electrical potential only changes at places where the stratum corneum is completely
perturbed (Jaffe and Vanable, 1984). Therefore, measuring a change in the calcium
concentration seems not suitable for pressure ulcer risk assessment.

Measuring changes in cytokine values appeared to be more promising for pressure
ulcer risk assessment. In vitro experiments revealed that IL-1α, IL-1RA, IL-8, and
TNF-α release was increased after sustained mechanical loading (figure 4.4). IL-
1α, IL-1RA, and IL-8 release was already significantly increased after 1 hour of
loading, before the onset of visible structural tissue damage. Since the release of
these cytokines was demonstrated at early time points, these cytokines were also
evaluated in the in vivo study. Again, a significant increase in IL-1α was observed
(figure 5.3), whereas release of IL-1RA and IL-8 was below the minimum detectable
levels both prior to and following mechanical insults (chapter 5).

The cytokine values in the in vitro experiments were measured in the medium
surrounding the basal epidermal layer, whereas the in vivo results were obtained by
applying Sebutapes at the top surface of the stratum corneum. Therefore, direct
comparison of the results of both studies proved difficult. In addition, it was unclear
whether the cytokine measurements in the medium or at the top surface of the
stratum corneum reflect those inside the epidermis. Numerical modeling proved to
be an essential tool for evaluating the distribution of biochemical markers inside the
tissues (figures 4.5 and 5.5).

To develop such a numerical model, transport parameters of the cytokines had
to be included. Parameters involving binding of cytokines to receptors were found
in the literature, but the diffusivity was to our knowledge unknown. Therefore,
experiments were performed in which the diffusion coefficient was determined using
fluorescent recovery after photobleaching (chapter 3). The diffusivity of cytokines in
tissue engineered epidermal equivalents was lower than that in porcine and human
epidermal tissues (figure 3.3).

A numerical model was developed to describe cytokine distribution in both the
in vitro and in vivo experiments (chapters 4 and 5). Simulations of the in vitro

experiments enabled an estimation of the release of cytokines from keratinocytes
(figure 4.6). For all cytokines, a sudden increase in release was found upon load
application which decreased with time. For IL-1α and IL-1RA, normal release values
were restored after approximately 18 hours of loading. By contrast, IL-8 and TNF-
α release did not return to normal values, but became zero, since all cytokines were
released from the keratinocytes after approximately 16 hours of loading. These results
imply that the tissue responds immediately to the applied load, but that this response
is finite in the epidermal cultures.

The in vivo experiments were modeled using the release of IL-1α from the
keratinocytes as determined in the simulations of the in vitro work. The increased
release found in these simulations was in the same range as that found in the in
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vivo loading experiments, indicating that in vitro IL-1α release from keratinocytes is
comparable to its release in vivo. The model was applied to determine differences in
cytokine values in the viable epidermis and at the top surface of the stratum corneum.
It was observed that IL-1α values measured at the top surface of the stratum corneum
reflect the IL-1α values in the viable epidermis (figure 5.5), implying that the tissue
reaction of the viable epidermis can be measured non-invasively.

The use of ions and/or cytokines to assess the tissue status after mechanical
loading was based on the mechanisms that are initiated after barrier perturbation
(figure 1.2). In the present thesis, it was demonstrated that mechanical loading of
the human epidermis will lead to a change in cytokine distribution and not to changes
in the calcium distribution, since the loading does not disrupt the complete stratum
corneum. These findings are used to schematically represent mechanisms leading to
determination of the tissue status after mechanical loading, depicted in figure 6.1.
The ion mechanism is depicted in white since that cannot be used to assess the tissue
status, whereas the cytokine part (indicated in black) can be used.

Figure 6.1: Mechanical loading of the human epidermis will not lead to a change in ion

distribution (indicated in white) but to a change in cytokine distribution

(indicated in black). This might be used for pressure ulcer risk assessment.
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6.4 Future directions and clinical implications

The research presented in this thesis focused on transport of biochemical markers
through the upper layer of the human skin. The change in concentration of ions and
cytokines in compromised epidermis compared to normal epidermis was evaluated in
detail. More research will be needed to investigate the physiological implications of
these differences and their relation to pressure ulcer risk assessment. Questions that
should be addressed are for example:

⊲ Which combination of biochemical and/or biophysical markers is optimal for
assessing the tissue status after mechanical loading?

⊲ Does an abnormally large or abnormally small release of biochemical markers
after mechanical loading indicate that a subject is susceptible for developing
pressure ulcers?

⊲ Is the tissue reaction similar in white- and black-skinned subjects, young and
elder subjects, and dark-, red- and fair-haired subjects?

6.4.1 Future in vitro experiments

Some questions concerning the use of cytokine measurements for pressure ulcer risk
assessment can be addressed by performing additional in vitro experiments. The
influence of a large or small cytokine release might be investigated by adding different
concentrations of cytokines on top of tissue engineered epidermal equivalents and
determining the tissue status with time, e.g. by histological evaluation or measuring
the LDH and/or cytokine release.

The tissue engineered equivalents used for the experimental in vitro work
mimicked the human epidermis. It might be useful to investigate the interaction
between the epidermis and dermis in more detail by repeating the loading
experiments on tissue engineered skin equivalents that consist of both the epidermal
and dermal layers. Since, in vivo, the cytokines released in the epidermis might
diffuse into the dermis to induce cytokine release from fibroblasts (Welss et al.,
2004). Indeed, Spiekstra et al. (2007) reported that the epidermal keratinocytes
and dermal fibroblasts function synergistically to produce high levels of IL-8. For
IL-1α and TNF-α the largest amounts were released by keratinocytes compared to
fibroblasts (Spiekstra et al., 2007). Other differences between the in vivo situation
and the loading of epidermal equivalents might involve direct release of cytokines
from dermal fibroblasts as response to mechanical loading, without interaction with
keratinocytes.

Only a few cytokines are measured in the in vitro work presented in this thesis.
These cytokines are known to be released from keratinocytes at early time points
upon damage of the epidermal barrier. It would also be interesting to use this model
system to evaluate the release of other cytokines upon mechanical loading to obtain
a broader view of the tissue response to loading. Depending on which cells release
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these other cytokines, epidermal equivalents or full thickness skin equivalents have
to be used. Cytokines of interest are for example IL-6, which was reported to have
increased in the blood of patients with pressure ulcers (Bonnefoy et al., 1995) or
nerve growth factor and transforming growth factor β that were reported to improve
pressure ulcer healing after topical application (Hirshberg et al., 2001; Landi et al.,
2003).

6.4.2 Future in vivo experiments

In addition to the in vitro experiments, it is important to perform additional in vivo

experiments to determine the cytokine release in a more realistic situation. The
present findings suggest that IL-1α release can be measured in vivo after controlled
mechanical loading. Although increases in IL-1α release were found, it appeared to be
impossible to measure release of IL-1RA and IL-8 using the Sebutape measurements
that were used previously (Perkins et al., 2001) (chapter 5). Further research should
be focused on measuring other cytokines in vivo as well to obtain a broader view of
the tissue status. For example, the function of IL-1α can be blocked by its competitive
antagonist IL-1RA (Perkins et al., 2001). So, an increase in IL-1α release results only
in a functional increase if the ratio of IL-1α against IL-1RA increases.

More basal information regarding IL-1α release would be very helpful for the
interpretation of the experimental results. In the in vivo experiments described in
chapter 5, the control IL-1α release of one person was extremely large, i.e. 227 pg
ml−1. The implication of this very large basal value might be explained with more
knowledge about basal cytokine release. Therefore, further experiments should be
aimed at determination of the temporal variations in basal cytokine levels both within
and between subjects. Furthermore, it is not known whether Sebutape application
has an influence on the sequential measurements, which should also be determined
in future in vivo experiments.

Pressure ulcers might develop on several body sites, depending on which site is
loaded. The in vivo experiments were all performed on the volar aspect of the human
forearm, based on the hypothesis that the tissue response to mechanical loading of an
individual is independent on the body site. This remains to be established in further
studies.

All in vivo experiments were performed on healthy human volunteers. In these
experiments, both magnitude and duration of the applied load could be controlled.
It was demonstrated that certain combinations of pressure magnitude and duration
will lead to severe tissue breakdown (Reswick and Rogers, 1976; Linder-Ganz et al.,
2006). Using this set-up it would be very interesting to investigate the influence
of pressure magnitude and duration on cytokine release to determine pressure/time
curves for individual subjects. With these results, the protocol of load application
could be optimized to address differences between individual subjects, such as the
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influence of age on cytokine release after mechanical loading. Furthermore, it
would be very interesting to relate the tissue response to a number of characteristics
of the volunteers, especially those considered to be risk factors for pressure ulcer
development, such as body weight and moisture.

In previous work of our group, it was demonstrated that IL-1α release is increased
at sacral grade 1 pressure ulcers (Bronneberg, 2007). It appeared difficult to assess
the cytokine release at other pressure ulcer sites, since the Sebutapes did not attach
well to uneven surfaces. Furthermore, the IL-1α release was also determined in
patients without pressure ulcers. The results suggest that IL-1α release in patients
with pressure ulcers was higher than in patients without ulcers, but the patient
group with pressure ulcers was too small to perform statistical analysis. It would
be interesting to increase the number of patients with sacral grade 1 pressure ulcers.
Furthermore, this study might be extended by measuring cytokine release in healthy
age-matched subjects without pressure ulcers to investigate the influence of illness on
the cytokine release.

6.4.3 Future numerical studies

The numerical models describing cytokine release were used to evaluate the kinetics
of cytokine release in the viable epidermis (chapters 4 and 5). These simulations were
of additional value to interpret the experimental results. Similar modeling tools can
be used to evaluate the cytokine distribution in future experiments. For example, if
the in vitro experiments will be repeated on full thickness skin equivalents, numerical
modeling might be used to determine the dermal tissue response, as well as diffusion
of cytokines from the epidermis to the dermis and the other way around.

In the in vivo experiments, a load of 100 mmHg was applied to the volar aspect
of the forearm of human volunteers using an indenter and additional weights.
Obviously, the geometry of the forearm is different for all subjects, due to e.g.
differences in bone thickness or the amount of subcutaneous fat. These differences
might result in differences in internal stresses and strains during load application as is
also shown in muscle tissue by Linder-Ganz et al. (2007). Previous work of our group
(Stekelenburg, 2005; Ceelen, 2008) demonstrated that similar indentation of muscle
tissue in rats resulted in different damage profiles in the muscles. These profiles could
be related to the internal strains in the muscles. Therefore, it would be interesting
to relate the internal strains in the human skin to the cytokine release. Numerical
models can be developed to investigate the influence of different geometries on the
strain distribution and might be used to determine which parameters mostly influence
the strain distributions and are, therefore, important to assess for each individual that
participates in the experimental study.
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6.4.4 Towards pressure ulcer risk assessment

There is a need for reliable methods to assess the susceptibility of patients to the
development of pressure ulcers. We propose that adding measurements to assess the
tissue response to prolonged mechanical loading improves the currently used risk
assessment scales. The current thesis focused on the use of ions and/or cytokines as
biochemical markers to assess the tissue status in compromised skin. Previous studies
showed that other techniques, such as measuring skin temperature, skin oxygenation
or the lactate concentration and transcutaneous oxygen pressure, were also promising
for assessing the tissue response to mechanical loading (Knight et al., 2001; Meijer
et al., 1989; Polliack et al., 1997; Wang and Vadgama, 2004). However, separately,
none of these methods proved suitable for pressure ulcer risk assessment. Future
research should therefore combine several measurements to find an optimal method
to assess the skin status after mechanical loading.

Eventually, a long-term patient study should be performed in which the skin status
after mechanical loading is assessed by measuring the release of this optimal set of
damage markers, in a large number of patients. These patients should be followed
longitudinally with time to determine whether they develop pressure ulcers or not.
From these results, it might be determined which combination of marker values is
associated with pressure ulcer development, and can thus be used for pressure ulcer
risk assessment.

The ultimate goal in the pressure ulcer research at this university is to develop
a small risk sensor, which can easily be handled by the nursing staff, that predicts
the risk for an individual patient to develop pressure ulcers. This risk sensor should
be incorporated in support surfaces in chairs or beds and should monitor the tissue
status regularly. The outcome of these measurements will be used to determine the
susceptibility of an individual patient.

6.5 General conclusion

Pressure ulcer research at this university is aimed at developing a reliable method
to assess the susceptibility of individuals to the development of pressure ulcers. To
achieve this goal, it was suggested that the risk scales currently used to assess pressure
ulcer risk should be extended by measuring markers that reflect the tissue status
after mechanical loading. The work presented in this thesis evaluates transport of
biochemical markers in the human epidermis to determine the tissue response after
prolonged mechanical loading by using both numerical and experimental models.

The main finding is that IL-1α is promising for use in pressure ulcer risk
assessment. It is released upon mechanical loading both in vitro and in vivo and the
non-invasive measurements reflect the tissue response of the viable epidermis. Future
research should be focused on determination of cytokine release in combination with
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other markers and on determination of differences in the values of these markers
between susceptible and non-susceptible subjects.
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Samenvatting

Modelleren van het transport van biochemische markers in de huid
Ten behoeve van de bepaling van het risico op drukwonden

Aanhoudende mechanische belasting kan schade aan de zachte weefsels, zoals huid
en/of spierweefsel, tot gevolg hebben. Dit kan resulteren in het ontstaan van
decubitus of drukwonden. Op dit moment wordt het risico op het ontwikkelen van
deze wonden bepaald met scorelijsten die gebaseerd zijn op patiënt karakteristieken
die eenvoudig vastgesteld kunnen worden door het verpleegkundig personeel in
een klinische instelling. Geen enkele risico scorelijst bevat een maat voor de
weefselreactie op mechanische belasting. Het gebruik van de risico scorelijsten
resulteert regelmatig in een verkeerde risico inschatting van een indivuële patiënt.
Er is dus een betrouwbaardere maat nodig om het risico op het ontwikkelen van
decubitus te bepalen. Verschillende biochemische markers zouden gebruikt kunnen
worden om de huidreactie na mechanische belasting te bepalen. Het transport van
deze markers door de huid wordt in dit proefschrift beschreven.

Voor het bepalen van het risico op het ontstaan van drukwonden heeft een niet-
invasieve meting de voorkeur. Daarom wordt er gekeken naar biochemische markers
die in het bovenste laag van de huid, de epidermis, tot expressie komen. Wanneer
deze bovenste laag beschadigd is, worden er twee verschillende herstel mechanismen
in gang gezet. De eerste gaat gepaard met een verandering in de ionenconcentratie
in de epidermis en de tweede heeft te maken met het vrijkomen van cytokinen uit
de epidermale cellen. Deze twee mechanismen zijn in meer detail onderzocht om te
bekijken of ionen en/of cytokinen gebruikt kunnen worden om de weefselreactie na
mechanische belasting vast te stellen.

Om de transportprocessen die verantwoordelijk zijn voor de verschillen in de
calcium concentratie te bestuderen is een numeriek model ontwikkeld. Uit de
resultaten bleek dat het calcium transport het meest bëınvloed werd door een
verandering in de elektrische potentiaal die aanwezig is over de levende epidermis.
Deze potentiaal verandert alleen wanneer het totale stratum corneum beschadigd
is. Daarom werd geconcludeerd dat calcium geen geschikte marker is om de
weefselreactie na mechanische belasting te bepalen.
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Het herstel mechanisme dat betrekking heeft op het vrijkomen van cytokinen is
bestudeerd door gebruik te maken van numerieke en experimentele modelsystemen.
Om het transport van cytokinen in de epidermis te modelleren, is de diffusie
coëfficiënt bepaald met de FRAP methode (fluorescent recovery after photobleach-
ing). De diffusie coëfficiënt bleek in de humane en varkensepidermis vergelijkbaar te
zijn, terwijl deze waarde significant lager was in een in vitro model van de epidermis,
EpiDerm.

Andere in vitro experimenten zijn uitgevoerd om de cytokinen concentratie (IL-
1α, IL-1RA, IL-8, en TNF-α) in de EpiDerm samples en in het omliggende medium
te bepalen na aanhoudende mechanische belasting. De resultaten geven weer dat de
concentratie van alle cytokinen in het medium toeneemt in de tijd ten gevolge van
de belasting. Het totaal aantal cytokinen, in het medium en het sample samen, bleef
gelijk tijdens de 24 uur durende belastingsperiode.

Het cytokine transport is beschreven met een numeriek model, waarbij een
schatting is gemaakt van de hoeveelheid cytokinen dat uit de cellen vrijkwam. Deze
hoeveelheid bleek toe te nemen door de mechanische belasting, maar deze toename
hield niet de volledige 24 uur aan. Uit deze in vitro resultaten is geconcludeerd dat
het meten van cytokinen veelbelovend is voor het bepalen van de weefselreactie,
omdat deze in een vroeg stadium vrijkomen als reactie op mechanische belasting.

Om te bepalen of deze cytokinen ook in een in vivo situatie gemeten konden
worden, is de hoeveelheid cytokinen bepaald op een niet-invasieve manier na
het aanbrengen van gecontroleerde mechanische belasting op de onderarm van
vrijwilligers. In deze studie is gevonden dat de IL-1α hoeveelheid toenam in de
beschadigde huid. Deze reactie was zeer lokaal, want de hoeveelheid IL-1α gemeten
direct naast het belaste oppervlak was vergelijkbaar met de hoeveelheid in de controle
metingen. Op de belaste locatie was de IL-1α hoeveelheid significant verhoogd tot 20
minuten na belasten. Het vrijkomen van IL-1RA en IL-8 kon niet gemeten worden,
omdat deze waarden onder de detectielimiet van de assay lagen.

Met deze niet-invasieve metingen is de IL-1α hoeveelheid bepaald op het
oppervlak van het stratum corneum als een maat voor de weefselreactie in de levende
epidermis. Numerieke simulaties zijn uitgevoerd waarin het is vastgesteld dat de
waarden gemeten op het oppervlak overeenkomen met die in de levende epidermis.

Concluderend is het transport van biochemische markers in de humane epidermis
bestudeerd om de weefselreactie na mechanische belasting te bepalen. Het bleek
nuttig te zijn om hierbij experimentele modellen te combineren met numerieke
simulaties voor een volledigere analyse van de experimentele resultaten. Dit
onderzoek is gericht op het ontwikkelen van een betrouwbare methode om van
individuen de gevoeligheid op het ontwikkelen van drukwonden vast te stellen.
Vervolgonderzoek zou gericht moeten worden op het meten van cytokinen in
combinatie met andere markers en op het detecteren van verschillen in de waarden
van deze markers tussen gevoelige en niet-gevoelige individuen.



Dankwoord

Het uitvoeren van promotie onderzoek is vergelijkbaar met het maken van een grote
legpuzzel, waarvan ik er al heel veel in elkaar gelegd heb. Door heel geduldig en
gestructureerd te werk te gaan kom je steeds dichterbij het eindresultaat. Bij een
gewone legpuzzel kun je vaak op de voorkant van de doos zien waar je naartoe moet
werken. Bij de promotiepuzzel ontbreekt dit voorbeeld en dat maakt het een stukje
ingewikkelder. We hebben in de afgelopen vier jaar best wat stukjes kleur gegeven en
op de juiste plaats gelegd, en tegelijkertijd leek het wel of de promotiepuzzel steeds
groter werd.

Ik heb deze vier jaar gelukkig niet alleen aan de puzzel gewerkt, er zijn veel
mensen die hebben geholpen. Cees, bedankt voor het meehelpen met het analyseren
van de afbeelding op de puzzel. Ik vond het erg fijn dat ik altijd bij je kon
binnenlopen. Ik heb het zeer gewaardeerd om met jou, Jacques, steeds weer te
brainstormen over hoe we het transport konden modelleren. Dan, thank you for the
nice discussions about the interpretation of experimental data and of course for your
excellent corrections of my English. We have had a great time on the dancefloor!
Ik heb altijd de vrijheid gekregen om op mijn eigen manier te puzzelen, bedankt
daarvoor Frank.

Ik wil de hele decubitusgroep (Anke, Debby, Debbie, Karlien en Sandra) bedanken
voor de goede discussies en de gezellige tijd, zoals bij de borrels en de EPUAP. Het was
geweldig om deel uit te maken van dit team! Langzamerhand werd het duidelijk dat
we met experimenteren meer stukjes konden vinden in de overvolle doos. Debbie,
jij hebt me de lab-vaardigheden bijgebracht. Het was erg fijn dat ons werk dichter
bij elkaar kwam en ik iemand had waar ik goed mee kon brainstormen. Marion en
Susanne, fijn dat er meer mensen aan huid gingen werken. Ook hebben verschillende
stagiaires wat stukjes op de juiste plaats weten te leggen. Suzanne, Fatma en Stijn,
bedankt voor jullie inzet.

Het wordt wel saai om al die jaren met maar één puzzel bezig te zijn, ook al is
die erg groot en kun je er op verschillende plaatsen aan beginnen. Ik vond het dan
ook leuk om een blik te werpen op de puzzels van anderen. De discussies tijdens de
klankbordmeeting waren altijd erg nuttig.

Gelukkig was er ook vaak tijd om andere dingen te bespreken. Collega’s, het was
erg gezellig met jullie op vloer 4 van WHoog! Kamergenoten, al die jaren heb ik, mede
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door jullie, met veel plezier in 4.11 gezeten. Er zijn er in die tijd een aantal gekomen
en gegaan. De langste tijd heb ik doorgebracht met Mirjam, Julienne, Martijn, Karlien
en Rolf. Het zal wel wennen worden zonder jullie!

Gelukkig bestaat het leven uit meer dan werk alleen. De koorrepetities elke
vrijdagavond waren een leuk begin van het weekend. Naast het zingen maakten
we ook tijd om bij te kletsen. Fijn om zo contact met Nijmegen te houden. Esther,
Manouchka, Mariska, Carina, Mayke en Margo, onze mei(den)vakanties waren altijd
heel afwisselend en supergezellig.

Judith, Yvonne en Sjoerd, Karlien en Petra en Edwin, hoewel we na onze studie
ieder een eigen weg zijn gegaan, is het altijd gezellig om elkaar weer te zien. Karlien,
naast decubitus-collega en (ex)kamergenoot ben je al jaren een hele fijne vriendin.
Dank je wel dat ik altijd bij je terecht kan om te kletsen over de serieuze en minder
serieuze dingen. Ik vind het bijzonder, maar toch ook heel vanzelfsprekend, dat
jij mijn paranimf bent! Petra en Edwin, ik geniet erg van onze vriendschap. Het
wintersportvirus heeft ons ook besmet en dat komt zeker door jullie gezelligheid in
Oostenrijk. Ruben, ik hoop dat we nog vaak op jou en je broertje of zusje mogen
passen.

Lisette en Johan, al sinds de middelbare school zijn we goede vrienden. Telkens
komen we er weer achter dat de avonden vaak te kort zijn om helemaal bij te kletsen.

Jan en Susan, dankzij jullie bruiloft ging onze huwelijksreis naar Afrika. Het was
echt geweldig, een reis om nooit te vergeten!

Julienne, Mirjam, Karlien, Debbie en Angelique, de maandelijkse bijklets-etentjes
moeten we erin houden. Leuk om zo contact te houden, nu we elkaar niet meer elke
dag op het werk zien.

Lieve Bakkertjes, ik vind onze hechte familieband heel fijn. Ik heb volop genoten
van de weekendjes Doorn en de vele andere dingen die we samen hebben gedaan.
Elly, bedankt voor alle etentjes, het is fijn om alles kwijt te kunnen.

Petra, Rudie, Sander en Gerda, bedankt voor alle fijne gesprekken en gezellige
momenten met jullie samen.

Lieve pap, dank je wel voor je steun en interesse in alles wat ik doe. Onze etentjes
op vrijdagavond vind ik erg gezellig, dan zijn we echt weer op de hoogte! Lieve mam,
je zou nu ook vast trots op me zijn. Ik mis je nog altijd... Esther en Geert, jullie zijn
een fijne zus en zwager. Na het afgelopen bijzondere en drukke jaar moeten we weer
wat ritme krijgen in de etentjes samen. Es, ik hoop dat we samen nog heel veel zullen
bespreken tijdens het maken van echte legpuzzels. Jeroen en Neeltje, het is gezellig
met jullie. Dat jij mijn andere paranimf bent, betekent veel voor me broertje!

Lieve Rolf, de laatste woorden zijn voor jou. Ik vind het superfijn dat jij altijd naast
me staat. Dank je wel! Ook onze puzzel wordt alsmaar groter, we gaan er samen iets
heel moois van maken.

Lisette,
Juli 2008
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