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Introduction

It is recognized that pressure ulcers develop as a consequence of soft tissue
reaction to mechanical loading of localized areas for a prolonged period of
time, resulting in ischaemia followed by tissue necrosis. Therefore, in order
to prevent the development of pressure ulcers it is essential to reduce the
amount and duration of pressure and/or to enhance the tissue tolerance to
ischaemia. In this regard, numerous studies have been undertaken in recent
decades in the attempt to reduce the amount and duration of interface
pressure applied to the skin surface, especially with regard to supporting
surfaces. However, not much work has been carried out regarding tissue
tolerance in terms of pressure ulcer development and how the structural
characteristics of the tissue affect tissue tolerance.

In this chapter, we set out to demonstrate the morphological characteris-
tics of human tissue, especially the skin, to discuss how morphology af-
fects mechanical properties and to highlight the deficiencies in this field of
pressure ulcer research.

What Is “Tissue Tolerance”?

What does “tissue tolerance” represent? How can we evaluate “tissue toler-
ance”? Without answering these questions, how can we verify that all pres-
sure ulcers are preventable?

The tissue tolerance in pressure ulcer development will be defined as a
tissue resistance to mechanical stress representing a tissue integrity, where
the function and structure are inter-relatively well maintained without ad-
verse sequence. The intensity of tissue resistance is affected by various in-
trinsic factors (Fig. 11.1). These can be divided into two groups, systemic
and local factors, where systemic factors include nutrition [1, 2], mobility/
activity [3], oxygen intake and delivery [4], and existing disease/disability,
which affect the local tissues’ integrity indirectly.

Local factors include nerve control, immunity, metabolism, circulation
and tissue structure/composition, all of which affect underlying tissue via-
bility/integrity directly. Ageing [5] and psychological stress [6, 7] may also
influence the systemic and local intrinsic factors. Many studies have been
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Fig. 11.1. Systemic and local intrinsic factors associated with pressure ulcer development

undertaken to evaluate the tissue viability following ischaemia by measur-
ing skin blood flow [8, 9] and transcutaneous PO, (TcPO,) [10, 11], both
of which are parameters of function. The circulation is also closely related
to metabolism and immunity, participating in tissue tolerance at cellular
level. Little work has been undertaken to determine how the tissues react
to mechanical forces to protect themselves locally. The cellular enzymes
and/or metabolites may be more sensitive indicators of cellular dysfunction
and death [12]. Only tentative attempts have been made to seek the poten-
tial indicators of pressure ulcer onset through biochemical analysis of
sweat during ischaemia [13, 14]. In general, the local tissue metabolism
changes in association with the local blood flow under normal conditions;
however, it is not certain how this relationship is altered under pathologi-
cal conditions [15], e.g. multi-organ failure or paralysis. If the relationship
is altered, the recovery of blood flow following ischaemia may not be a
sign of tissue recovery, as indicated below.

Recently a concept of reperfusion injury has been introduced to explore
the mechanism of pressure ulcer development. The reperfusion injury has
already been demonstrated in other organs, e.g. brain, liver and heart, in
which much of the injury occurs not during the period of hypoxia but
rather during the period of reperfusion [16]. During reperfusion, forma-
tion of reactive oxygen metabolites, which generate superoxide and hydro-
gen peroxide, contributes to granulocyte infiltration, microvascular barrier
disruption and oedema formation [17, 18]. These products are powerful
mediators of endothelial injury and tissue damage and amplify the effects
of the initial inflammatory stimulus. The concept that free radicals have a
role in ischaemic injury is supported by studies demonstrating that the ad-
ministration of free radical scavengers inhibits the damage caused by post-



Limitation of Previous Animal Studies on Pressure Ulcers 163

ischaemic reperfusion. Sundin et al. [19] and Houwing et al. [20] investi-
gated the role of reperfusion injury and the effect of free radical scavengers
in pigs with regard to pressure ulcer development. They concluded that an
inflammatory process is the key mechanism in the development of necrosis
in the deeper subcutis and muscle. More basic study is needed to deter-
mine how the immune, metabolic and circulatory systems inter-relating in
the process of tissue damage-recovery with regard to human pressure ulcer
development.

Limitation of Previous Animal Studies on Pressure Ulcers

A number of animal experiments have been undertaken to clarify the de-
velopment of pressure ulcers histologically, using various animal models.
Husain [21], Kosiak [22], Wilms-Kretchmer and Majno [23], and Nola and
Vistnes [24] used rats, Groth [25] used rabbits, Kosiak [26] used dogs, and
Dinsdale [27] and Daniel et al. [28] used pigs. The results from these stud-
ies demonstrate that there is an inverse relationship between the amount of
pressure and the duration of time to development of pressure ulcers. Res-
wick and Rogers [29] demonstrated a similar relationship in human sub-
jects.

However, there are limitations to the extrapolation of results from ani-
mal studies to pressure ulcer development in humans. The results with re-
gard to magnitude and duration of pressure before tissue damage occurred
are inconsistent and difficult to compare because of the different animal
models, different protocols and different parameters measured. In addition,
the investigators used mostly healthy, young animals, whereas the suscepti-
ble humans are mostly aged and debilitated. In addition, the soft tissue
composition of the animal models used (except pigs) differs from that in
humans (Table 11.1). The usual laboratory animals with loose skin, e.g. rats
and dogs, lack a substantial attachment to the deep fascia, whereas in the
pig skin the panniculus carnosus is more intimately connected through a
hypodermal fibre network to the deep muscular fascia as well as to the re-
ticular layer of the dermis [30]. Thus, the soft tissue behaviour in animals
with loose skin is different from those with fixed skin when the force is ap-
plied to the skin. Little work has been done on human tissues with respect
to pressure ulcer formation. In addition, human pressure ulcers develop
due to localized tissue ischaemia caused by repeatedly applied forces,
mostly a combination of compression and shear stress.

One of the difficulties in undertaking the research on pressure ulcer de-
velopment in human is the issue of ethics; another is that the soft tissue
loses its characteristics when it is separated from the living body for the
examination. Therefore, it is difficult to create a human pressure ulcer
model, especially with regard to loading conditions and clinical status.
Thus, the precise mechanisms of pressure ulcer development in humans re-
main uncertain.
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Table 11.1. Differences in characteristics between experimentally generated pressure ulcers
in animal models and human pressure ulcers developed

Animal models of Human pressure ulcers
pressure ulcers

Health condition Mostly healthy, young adult Mostly elderly, debilitated,
animals or disabled individuals
Pressure application Mostly wide range of pressure, Relatively low pressure,

continuously (recently: determined  repeatedly
pressure, repeatedly

Direction of force Mostly compression only Probably compression +
application shear
Tissue characteristics Loose-skin (except pig) Fixed skin

How Does the Skin Respond to Mechanical Loading?

Morphological Architecture in Human Skin

Human tissues function depending on the local tissue need and are con-
trolled in a sophisticated manner with changes in physiology and mor-
phology. Therefore, when discussing morphological changes in relation to
pressure ulcer development, we should keep in mind that physiological
changes are always present too.

Before discussing the morphological characteristics of skin, we would
like to describe how the force is transmitted to the underlying tissues when
it is applied to the skin surface.

The underlying soft tissues consist mainly of skin, adiposa tissue and
muscle. Because these tissues have different characteristics in respect of
linearity, anisotropy and visco-elasticity, it is not easy to identify how dif-
ferently the individual layers of soft tissues behave when the force is ap-
plied to the skin surface and how it is transferred through the soft tissues.
In this regard, Le et al. [31] measured pressures at different depths of the
tissues overlying the pig trochanter using silicon pressure sensors. They re-
ported that the internal pressure on the weight-bearing bony prominence
was several times greater than the surface pressure. However, the sensor
they used is somewhat unreliable because of hysteresis and the effect of in-
fusion fluid on local tissue pressure.

Dodd and Gross [32] measured the interface pressure between the skin
and an external load, and interstitial fluid pressure over the wing of the
ilium of a pig using a wick-in-needle catheter attached to the pressure
transducer. They reported that only about 28% of the interface pressure is
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transferred to the interstitial fluid directly because of the complex geome-
try of the underlying bone; the load is not purely compressive, as tissues
move away from the load and the forces are dissipated to some degree.

The structure of underlying soft tissues also influences the capability of
pressure distribution. Sangeorzan et al. [33] investigated the tolerance of
skin to mechanical loading over the tibia and over the tibialis anterior
muscle in normal volunteers. The results indicated that the applied pres-
sure at which TcPO, reached 0 was significantly greater for skin over mus-
cle (71£16 mmHg) than for skin over bone (42+8 mmHg). This suggests
that a higher pressure is required to interrupt blood supply in skin over
muscle than in skin over bone.

In this regard, Todd and Thacker [34] verified a computational three-di-
mensional model of the human buttock in vivo with magnetic resonance
imaging experimentally. The development of a precise model of human soft
tissue is needed to examine how the force is transferred to individual tis-
sues and how the individual tissue responds when the force is applied to
the surface of the skin.

In this chapter, the mechanical properties of soft tissue are discussed.
The focus is on skin as a typical example.

Skin Structure/Physiology

The skin has been called the largest organ of the human body and has many
functions; protection from outside injury and invasion, prevention from dry-
ing out, regulation of body temperature and release of some body wastes
while absorbing nutrients. The structure of the skin is shown in Fig. 11.2.
Morphologically, skin is composed of two layers; a thinner, outer layer
known as the epidermis and an inner layer known as the dermis. Because
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Fig. 11.2. Schematic diagram of skin structure
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the epidermis contains keratin, a tough, fibrous protein, and has no blood
supply, its nutrition is provided via the papillary layer of the dermis. The
exposed surface of the epidermis is illustrated in Fig. 11.3.

The dermis is the connective tissue matrix of the skin, providing struc-
tural strength, storing water, and interacting with the epidermis. It consists
of papillary and reticular layers containing collagen and elastic fibres,
blood vessels, sweat glands, hair follicles and nerves.

The papillary layer, which provides oxygen and nutrition to the epidermis,
and the reticular layer are of great importance in maintaining the integrity of
the skin and protecting the body from external stimuli. The thickness of the
papillary layer varies from site to site (Fig. 11.4); it is thinner in the sacral
skin than in the ischial skin of aged individuals post mortem [35]. This sug-
gests that the blood supply and nutritional transport in the sacral skin may
be impaired when force sufficient to induce collapse is applied.

The epidermal-dermal junction is an interface between the epidermis
and the dermis composed of the basement membrane, which is wavy in
shape with finger-like projections into the dermis (Fig. 11.3). It has three
major functions: it provides a permeable barrier between the vascular der-
mis and avascular epidermis; it is thought to influence the epidermal cells
during their differentiation, growth, and repair; and it provides adherence
of the epidermis to the underlying tissues [36]. In addition, the structure

Fig. 11.3. Scanning electron micrograph showing free and lateral surfaces of the human epi-
dermis. Age 73 years, female, sacrum (x560). B stratum basale, C stratum corneum, G stratum
granulosum, P dermal papillae, S stratum spinosum
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Fig. 11.4a, b. The papillary layer of the dermis in different body sites. The thickness of the
papillary layer allowing tissue fluid transportation is less in the sacrum. Arrows show the thick-
ness of the papillary layer. Age 73 years, female (x130). a sacrum; b gluteus. BV Blood vessels

of the epidermal-dermal junction may greatly affect the tissue integrity.
The skin capillaries are situated just under the reticulin sheet of the papil-
lary layer of the dermis, providing the oxygen and nutrients to the epider-
mis. Thus, if the junction becomes flattened, capillary density becomes less
and consequently compromises the tissue viability.

The distribution of blood capillaries in the papillary dermis depends
upon the local tissue metabolic requirements and thus differs according to
site on the body [37], age, and usage [38]. They are densely distributed in
the head and neck region in children’s skin compared with all other re-
gions except the palm and sole, while they are less dense in the lower limb
[39]. This phenomenon is also seen in the adult skin, as confirmed by Xe
clearance [40]. A typical example of regional difference is seen in the fin-
gers, where the blood capillaries are densely distributed due to the frequent
use.

Capillary distribution in areas susceptible to pressure ulcers in aged
post-mortem skin was found to be higher in the sacrum than in the ischial
tuberosity (Fig. 11.5) [35].

The lymph vessels are primarily involved with removing proteins, large
waste particles, and excess fluids. Most studies on pressure ulcers are inter-
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Fig. 11.5a, b. Blood capillary (arrows) distribution in different body sites corresponding to pa-
pillae distribution. Age 73 years, female (x100). a sacrum; b gluteus

ested in blood flow (inflow), but in order to maintain the normal circula-
tion, both inflow and outflow (lymphatic flow), should be well maintained.
The terminal lymphatics, made up of a single layer of endothelial cells, are
distributed in the dermis. Several lymphatics join to form collecting lympha-
tics under the dermis. These join to form larger transporting lymphatics.
There are some open junctions and rare intercellular channels in the terminal
lymphatics. The surrounding connective perivascular matrix is characterized
by regular bundles of collagen and elastic fibres [41]. The terminal lymphatics
do not have smooth muscle in the wall. Some of them are collapsed in normal
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condition and are connected to tissue fibres via anchoring filaments [42, 43].
In contrast, the transporting lymph vessels have smooth muscle, controlling
fluid transportation by its contraction. Reddy and Patel [44] attempted to
formulate a mathematical model and simulate lymph flow through terminal
lymphatics under various physiological conditions.

Lymph flow increases whenever the interstitial fluid pressure rises above
its normal level. Miller and Seale [45] investigated lymph clearance during
compressive loading on the hind limb of mongrel dogs and reported that a
pressure of 60 mmHg can initiate lymph vessel closure. They also suggested
that it is more likely that the terminal lymph vessels would collapse before
the collecting lymph vessels as they are smaller and closer to the site of pres-
sure application. Krouskop [7] reported that the lymphatic propulsion is de-
pendent on lymphatic smooth muscle sensitive to hypoxia. However, not
much attention has been paid to how the lymph flow affects the viability
in the impending tissues with respect to pressure ulcer development.

The defence system of the body against external stimuli - Langerhans’ cells
in the epidermis and the immune system participating in the body’s immune
response - is related to tissue integrity. If the barrier is disrupted, both a cy-
tokine response and an increase in Langerhans’ cell density are induced [46].

Little attention has been paid to how this defence system is associated with
pressure ulcer formation. Recently Sundin et al. [19] investigated the role of
allopurinol and deferoxamine, both acting to prevent free radical formation
or to scavenge free radicals. They attempted to explore pressure ulcer patho-
genesis using pigs, in which 150 mmHg of pressure was applied to the scapu-
lae repeatedly. As a conclusion, it was demonstrated that deferoxamine could
significantly reduce cutaneous and skeletal muscle necrosis compared with
allopurinol. Similarly, research was undertaken by Houwing et al. [20] to test
the hypothesis that pressure ulcers are the results of inflammation caused by
ischaemia and reperfusion, and that the pressure damage can be reduced by
prophylactic administration of vitamin E as a free radical scavenger. A con-
stant force (100 N) was applied to the trochanteric region of the pig for 2 h.
Immediately after release of pressure, no pressure damage in the muscle was
visible microscopically, whereas 2 h after, there was severe influx of granulo-
cytes and the myocytes had completely disappeared, showing muscle necro-
sis. There was a significant increase in hydrogen peroxide after pressure re-
lease. After pre-treatment with vitamin E, however, there was no increase in
hydrogen peroxide and the tissue damage was significantly less.

Mechanical Properties of the Skin

The skin is a visco-elastic material showing unique mechanical properties
primarily reflecting the characteristics of the network of collagen and elas-
tic fibres that support tensile loads (Fig. 11.6).

Therefore, if the structure/composition of the skin has been changed, it
is assumed that the mechanical properties of the skin are also altered.
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Fig. 11.6. Light micrograph of the human sacral skin stained with both aldehyde-fuchsin and
light green. In the dermis, elastic fibres (purple) are in close proximity to collagen fibres (green).
Both types of fibres are much denser and much larger in the reticular layer (RL) than in the
papillary layer (PL). Age 79 years, male (x280)

In the relaxed state, the collagen fibres are unoriented, convoluted struc-
tures separated from each other by tissue fluid and ground substance [47].
As skin is stretched along one or both of the axes within its plane, collagen
fibres become straightened and then begin to align with the applied force.
When the skin is fully stretched, tissue fluid and ground substance be-
tween the collagen fibres is displaced. A stress-strain curve for skin is
characterized by three components - low modulus, linearity and yield -
and by failure when the load is increased [47].

The behaviour of the soft tissues, and thus the nature of the recovery,
will depend on the rate and time of loading as well as the magnitude.
Short-term loading generally produces elastic deformation with minimum
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Fig. 11.7. Higher magnification views of the cut surface of the papillary (a) and the reticular
(b) dermis. Delicate reticulin fibrils (RF) with small diameter are seen in the papillary layer. In
the reticular layer, collagen bundles (CB) consisting of collagen fibrils form a feltwork. Age 79
years, male (x1,400)

creep and rapid elastic recovery, whereas long-term loading results in
marked creep and requires significant time for complete tissue recovery.

When the force is applied, initially elastic fibres are thought to be
stretched, while collagen fibres change their geometrical configuration be-
fore they play a part in load resistance. If the force applied is extensive,
the collagen fibres will not return to their original alignment even after the
force is removed [47].

Collagen, elastic fibres and proteoglycans play a key role in determining
the mechanical properties acting to maintain tissue shape, transmit/absorb
loads, and recover from deformation. Collagen is the major structural com-
ponent existing in a variety of diameters and geometries (Fig. 11.7)

Collagen fibres are made up of fibrils. The molecules of the fibrils are
arranged in a staggered array with quarter-length overlap between adjacent
molecules via cross-links that provide stress-bearing networks. In the ab-
sence of cross-links, connective tissue would not be able to support tensile
loads. The type and extent of cross-link may be a critical factor affecting
mechanical properties. The collagen fibres consist of bundles of fibrils,
0.6-1.8 um in diameter in the papillary layer, and 6-10 pm in the reticular
layer, that are responsible for preventing tensile and shear failure.

The collagen fibrils in the skin are composed primarily of collagen types I
and III. The diameter of collagen type I, 80-120 nm, is greater than that of
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Fig. 11.8. Scanning (a) and transmission (b) micrographs showing the interstitial space be-
tween reticulin fibrils of the dermal papillae. It allows transportation of tissue fluid and meta-
bolites. Age 84 years, female, sacrum (a x20,600; b % 14,300)

type III, 40-60 nm. The most superficial surface of the papillary layer is made
up of a continuous thin sheet of reticulin fibrils (type III), showing finger-like
configuration, a delicate network and regular arrangement of the dermal
papillae. The reticulin fibrils are interwoven in slightly loose networks with
30- to 60-nm spaces through which the tissue fluid and other substances pass
[48]. This space plays an important role in maintaining viability of the tissues
by enabling exchange nutrients and metabolites (Fig. 11.8).

Type I collagen fibrils are mainly found in the reticular layer of the der-
mis. This layer is composed of a dense meshwork of large-diameter col-
lagen fibres showing a feltwork appearance, accompanied by elastic fibres
(Fig. 11.7).

Collagen fibril diameter distribution is a function of both the applied
load and its duration. The mechanical properties of a connective tissue are
strongly correlated with the collagen fibril diameter distribution [49].

The mechanical properties of elastic fibres can be compared with a rub-
ber-like state. The ultimate tensile stress of elastic fibres amounts to only
several percent of that of collagen fibres [50]. Therefore, elastic fibres are
weaker, softer, and more extensible than collagen fibres.

Elastic fibre networks dominate the low-strain mechanical response in
tissues where energy and shape recovery are critical parameters [50]. The
diameter of elastic fibres is approximately 1-10 um; each fibre is made up
of microfibrils of 10-12 nm in diameter. The fibres are connected via cross-
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Fig. 11.9a, b. Elastic bundles (F) distributed in the human papillary layer. Thick elastic bundles
are densely distributed in the ischial skin. Elastic fibres were exposed with a treatment of 6N
NaOH solution at 60°C to enable three-dimensional visualization. Age 87 years, female
(x6,500). a sacrum; b ischium

links, similar to collagen. The distribution of elastic fibres in the areas of
the skin prone to pressure ulcers has been examined microscopically by
Hagisawa et al. [35]. Thick elastic fibres (5-10 um) are densely distributed
in the ischial skin, where extension of the skin is needed associated with
various body movements, in contrast with the sacral skin, where thinner,
less dense elastic fibres (2-3 pm) are seen (Fig. 11.9). This difference may
greatly contribute to tissue recovery from deformation in the ischial skin,
in which the blood restoration may also be facilitated following ischaemia.

Proteoglycans consists of a protein core to which glycosaminoglycan side
chains are attached, composing the bulk of the interfibrillar matrix, includ-
ing hyaluronic acid, chondroitin sulphate and dermatan sulphate. Proteo-
glycans are involved in resisting compressive forces and facilitation of the
response to stress at the fibrillar level [50].

Factors Affecting Tissue Integrity

When the structure/composition of the skin has been changed by various
factors, the mechanical properties leading to tissue integrity may also be
altered. However, little work has been undertaken to demonstrate how it is
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altered. In this chapter, ageing, loss of autonomic nerve control and mois-
ture are described as affecting factors.

Age-associated changes in skin are manifested in all regions of the body.
Many of the structural alterations correlate with mechanical, biochemical,
and physiological changes associated with advancing age. The epidermis
becomes thinner and flatter, and the epidermal-dermal junction is flat-
tened with loss of rete pegs, resulting in decreased attachment strength
and interface communication. Age-associated changes also increase the
chance of skin breakdown when force is applied tangentially, thus making
blisters or tear-type injury more likely [51].

The quality of collagen fibres changes in aged skin, affecting the tensile
strength. The collagen fibres may appear looser and fibre bundles may be dis-
rupted by tangled fibrils, or the collagen may be densely packed in some
areas with loss of ground substance [52], resulting in less potential for spaces
between the fibres. The number of intramolecular cross-links become less
soluble and the size of the collagen fibres increase with advancing age; thus,
there is exaggerated tensile strength and decreased extensibility [53].

The elastin fibres are also altered with ageing. They become frayed, po-
rous and matted together [54], leading to loss or delay of resiliency and re-
cuperability after stretching. Daly and Odland [55] revealed an age-depen-
dent decrease in elastic recovery, in which the recovery of the skin to its
initial resting place after mechanical depression in young adults was com-
plete within a few minutes while in the elderly a full recovery or reconsti-
tution often required over 24 h.

There are decreased numbers of capillary loops in the papillary dermis,
corresponding to the loss of dermal papillae with advancing age. The re-
maining capillaries are shorter and tend to have relatively greater propor-
tions of thickened basement membrane [54].

A number of studies have reported an age-associated diminution in the
inflammatory response; thus the elderly will not experience the early warn-
ings and will tend to fail to take appropriate action. The number of Langer-
hans’ cells (LC) has been reported to decline in aged skin by approximately
50% from young adulthood to senescence [56]. This loss impairs the cell-
mediated immune response. The effect of ageing on epidermal LC and on
their response to a single ultraviolet (UV) exposure has been studied using
skin biopsy specimens of healthy adults [56]. The data demonstrated an
age-associated loss of epidermal LC and slowing of LC response to UV ir-
radiation. A similar result was obtained in the study indicating a lower
percentage of LC in the sacral epidermis of elderly patients with pressure
ulcers than in age-matched elderly controls [57]. These structural changes
associated with ageing probably contribute to reduction in tissue tolerance
of external stimuli, including pressure.

Loss of autonomic nerve control, frequently seen in patients with spinal
cord injury, generates loss of vasomotor control and muscle pumping action,
subsequently leading to alteration in skin structure. Quantitative and quali-
tative changes in skin collagen synthesis and catabolism below the level of
injury can lead to reduction of the skin’s ability to resist mechanical insult.
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Rodriguez and Claus-Walker [58] reported that the amino acid content
and the activity of the enzyme lysyl hydroxylase were lower in the insensi-
tive skin than in the sensitive skin of individuals with spinal cord injuries.
The hydroxylation of lysine is an important first step in collagen cross-link
formation. Decreased formation of hydrolysine will decrease cross-link for-
mation and will result in structurally weaker collagen. Klein et al. [59] re-
ported that 2-3 months after denervation followed by disuse, the newly
synthesized collagen in adult rats had fewer cross-links, and was therefore
probably biomechanically weaker, than the original collagen.

Rodriguez et al. [60] reported the excretion of collagen metabolites in-
creased after injury, reaching a peak between 3 and 6 months, then de-
clined gradually, reaching control values about a year after injury. Stover et
al. [61] reported that type III collagen, distributed in a fine network in the
papillary layer of the dermis, is less prevalent in the upper dermis, while
type I collagen is more prevalent in the reticular dermis in the denervated
skin of patients with spinal cord injury. This suggests skin thickening and
clumping of collagen, flattening of rete pegs and hypertrophy of sweat
glands and erector pilae muscle. Thickening skin associated with increase
of collagen I may decrease the space available for tissue fluid transporta-
tion in the dermis, leading to reduced tissue viability.

When a region is disused, for example the paralysed area in patients with
spinal cord injury, the affected tissue is alive but with a lower oxygen and nu-
trient supply, leading to alteration of skin structure. The epidermal-dermal
junction becomes flattened, distribution of blood capillaries in the skin is
scattered and arterio-venous shunt develops [62, 63]. If the shunt is devel-
oped, the blood flows via the “by-pass” route, not through the capillaries that
supply nutrients to the tissue. Therefore, a threat to tissue viability is more
likely, although observation suggests that skin blood flow is well maintained.
Lymph flow is also impaired by paralysis. The lymph vessels of the skin of
paraplegic patients with thromboembolic disease showed a dilated lumen
surrounded by rarefied perivascular connective matrix characterized by dis-
sociation and disruption of collagen and elastic fibres. Also the endothelial
wall was generally attenuated and indented, and numerous open junctions
along the endothelial cells were observed [41]. These alterations appear to
be responsible for an impairment of interstitial fluid exchange, leading to re-
duced removal of tissue catabolites in paraplegics.

The mechanical tissue integrity of the skin is a result of the balance of
solid structures (collagen, elastic fibres, etc.) and liquid components (lip-
ids, water) [64]. The stratum corneum provides impermeability and resis-
tance to mechanical insults. If the gross biophysical properties are altered
due to environmental factors, e.g. humidity, the membrane’s biological per-
formance can be affected. When the skin is allowed to transmit moisture
without excessive hydration, the mechanical integrity of the stratum cor-
neum is maintained. The normal moisture content of stratum corneum is
between 10 and 20% [65].

The tensile strength of the stratum corneum is reduced when it is wet.
It has been demonstrated that the lower the frictional force, the greater the
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amount of work required to rupture the epidermis. The frictional force on
the skin depends on the amount of moisture at the skin surface. It has
been reported that the breaking strength decreases with increasing relative
humidity (RH) up to 90% RH [66]. Skin with such reduced strength may
also be more prone to mechanical insult due to shear stress or abrasion.

Incontinence is frequently noted as a contributing factor in pressure ul-
cer development. It is a major cause of moisture, local skin irritation and
secondary infection. Urine, stool, perspiration and wound drainage contain
substances other than moisture that may irritate the skin. It is unclear
what causes increased susceptibility to skin injury: moisture only, as de-
scribed earlier [68]; substances contained in urine and faeces, e.g. ammo-
nia; or combination of these two factors. Allman et al. [67] reported that
there was no association of urinary incontinence with pressure ulcers when
patients with catheters were excluded, whereas faecal incontinence may be
a more important risk factor. Berlowitz and Wilking [68] also studied risk
factors for pressure ulcers, in which neither urinary nor faecal inconti-
nence was associated with ulcer development. Overall, incontinence may be
one of the contributing factors, but its possible relevance as an indepen-
dent predictor remains unclear.

The precise relationship of cause-effect, e.g. in incontinent patients with
diapers who develop pressure ulcers, should be clarified.

Effect of Repetitive Loading on Skin Structure/Composition

Loading stimulation also changes the skin’s structure and composition
leading to changes in the mechanical properties of the skin when it is re-
peated, depending on the degree and duration of pressure and how fre-
quently it is applied to the skin. The site, the patient’s age and the direc-
tion of loading are also important.

There are a number of published studies examining histologically, in an-
imal models, how mechanical loading produces tissue damage [21, 26, 27].
However, at that time, not much attention was paid to how the tissue re-
covers following ischaemic insult. For example, if the loading stress is be-
low the threshold, the tissue will recover completely. If the stress is the
same order as threshold level, some compensation mechanism will take
place within the tissue to maintain the tissue integrity or, if the stress is re-
peated, adaptation of the tissue will result. If the stress is severe and be-
yond the threshold, tissue damage or degeneration will be apparent. When
the equilibrium between breakdown and regeneration cannot be main-
tained because of excessive duration or magnitude of force, catabolic pro-
cesses overcome reparative mechanisms and the net result is tissue break-
down.

With the aim of preventing the destructive process, Sanders et al. [36]
have attempted to address skin adaptation to mechanical stress by increas-
ing load tolerance in rehabilitation practice. For example, spinal cord-in-
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jured patients, when the spine is becoming stable, begin a wheelchair-sit-
ting tolerance program. Sitting is limited to 30-60 min initially and in-
creased periodically if hyperaemia resolves within 30 min [69].

Similarly, the ambulating protocol for a person with below-knee amputa-
tion is begun as early as 1-2 days postoperatively to stimulate wound heal-
ing and expose the antero-distal region of their residual limbs to high
compressive and shear stress due to interaction with the prosthetic socket.
Such protocols have been followed empirically for patients during the reha-
bilitation period.

Based on an extensive literature review, Sanders et al. [70] conducted an-
imal experiments using the hind limb of the pig. Cyclic compressive and
shear stress at 106.7+4.7 kPa and 22.6+5.9 kPa in the first session to
229.4+4.2 kPa and 53.0£0.8 kPa in the final session were applied at a fre-
quency of 1 Hz for 1h/day, 5 days/week for 4 weeks. Qualitative morpho-
logical analysis demonstrated that collagen fibril diameters were greater
and fibril densities significantly lower in loaded skin than in control skin.
Wang and Sanders [71] hypothesise that the adaptation occurs by forming
new collagen fibrils with larger diameters as opposed to increasing diame-
ters of existing fibrils. Such studies have been initiated only recently more
extensive investigations are required.

Initial Damage Occurring in the Susceptible Areas

Whether the initial damage leading to pressure ulcers occurs at the surface
of the skin or in muscle is controversial. Animal studies seem to indicate
that pressure ulcers start from the muscle, because muscle is considerably
less tolerant to ischaemia due to high metabolic need [24, 25, 28]. In con-
trast, clinical observation indicates that human pressure ulcers start from
the skin [72]. Both may be true in certain situations. If an unconscious or
immobilized person is left on the operating table for prolonged period of
time [73], force is exerted perpendicularly (compression only), supporting
the hypothesis that pressure ulcers start from muscle. However, in a con-
scious person or one with limited mobilization, force is exerted not only
perpendicularly but also tangentially (compression and shear), supporting
the hypothesis that pressure ulcers start from the skin. No reliable conclu-
sion has yet been reached. There are unanswered questions: for example, if
it is assumed that all human pressure ulcers develop from muscle, how can
it be explained that some stage I pressure ulcers are resolved by effective
pressure relief. Since muscle fibres, once damaged, cannot regenerate, fi-
brous tissues like collagen will replace the area, appearing as an irregular
surface of the skin. In order to clarify these questions, more comprehen-
sive research on the mechanism of pressure ulcer development is needed.

Only a few studies using histological methods are available for understand-
ing of human pressure ulcers [48, 74-77]. Witkowski and Parish [74], who
attempted to investigate human pressure ulcer development extensively, re-
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ported that the initial changes were found in the papillary dermis, where
the capillaries and venules were greatly dilated showing blanchable erythe-
ma with intact skin. This change is completely reversible if adequate pres-
sure relief is given. The next stage of pressure ulcers, which is called non-
blanchable erythema, shows the consistent feature of red blood cell engor-
gement of the capillaries and venules, followed by perivascular and later
diffuse haemorrhage; however, the epidermis still appears normal. The ves-
sels in the reticular dermis may also be engorged with red blood cells.
Some vessels show fibrin thrombi and degeneration of the eccrine sweat
glands, and subcutaneous fat is more often seen. In addition, the sebaceous
glands begin to show evidence of degeneration, There is loss of cell mem-
branes and an inflammatory infiltrate.

Barnett [75] examined surgically excised human tissue samples in which
a pressure ulcer was present and developed a diagrammatic representation
of how a pressure ulcer develops and heals. At an early stage, thinning of
the epidermis, death of the papillary layer and loss of elasticity and
strength of collagen are characterised, probably due to impairment of
blood/nutrient supply and lymph flow in the papillary layer of the dermis
although the skin surface remains intact. At the next stage, equivalent to
stage II pressure ulcer in the NPUAP classification, one finds breakdown of
the epidermis ultimately resulting in an open ulcer and death of collagen
leading to loss of integrity and thrombosed blood vessels.

Moore et al. [76] conducted a study using the edge of pressure ulcer tis-
sues excised for flap surgery. They reported that irregularly sized and

Fig. 11.10. Outer surface of the papillary dermis in the sacrum. Numerous dermal papillae with
a finger-like profile are visible in the healthy (H) and boundary (B) areas. No papillae are seen
in the damaged (D) area of stage Il pressure ulcer. Age 84 years, female (x100)
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shaped rete pegs were observed from the outer margin of the pressure
ulcer through a transition zone of atypical rete pegs and finally disappear
at the junction with granulation tissue.

Similar morphological findings were reported by Arao et al. [48], who
carried out a post-mortem examination of the skin tissue of the sacrum of
a subject who had stage II pressure ulcers, using light microscopy and
transmission and scanning electron microscopy (Fig. 11.10).

N

Fig. 11.11. Magnified view of dermal papillae observed in the healthy (a), boundary (b, c) and
damaged (d) areas resulting from stage Il pressure ulcer. The papillae in the healthy area all
show a finger-like profile and are regularly arranged. In some papillae of the boundary area
the top is broken (b), and others show atrophic changes (c). In the damaged area an irregular
contour with no papillae is shown. Age 84 years, female (a, b, ¢ x700; d %x200)
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Fig. 11.12. Cut surface of the papillary layer showing the bundles of collagen fibrils (CB). These
bundles are larger in the boundary area (B) than in the healthy area (H). In the damaged area
(D) resulting from stage Il pressure ulcers, the fibrils are densely packed and individual fibrils
cannot be identified. Age 84 years, female (x3,300)

It was found that the atrophic, irregularly shaped dermal papillae - par-
tially broken, with foramina - were characterised in the boundary zone be-
tween healthy and damaged areas (Fig. 11.11).

In addition, a relatively dense network of collagen fibres in the papillary
layers was observed, in contrast with the healthy area, where collagen fi-
bres were scarce (Fig. 11.12).

In the area damaged by pressure ulcer, no epidermis and no dermal pa-
pillae were observed, and the fibrous elements of the dermis were exposed
to the surface (Fig. 11.11). These findings suggested that the morphological
changes of the papillae observed in the boundary area impairs tissue via-
bility of the epidermis and papillary by inhibiting nutritive blood supply
and by accumulating metabolites which predispose to tissue damage.

Shimamura and Watanabe [77] examined 23 tissue samples of the
sacrum in mostly elderly humans with pressure ulcers post mortem. They
reported that the earliest sign of tissue damage occurs in the superficial
layers and subsequently extends towards the deeper layers. They assumed
that the damage in the subcutaneous tissue and deep fascia may extend
more easily since there is no structural diffusion barrier in those tissues.
In this regard, the meshwork of collagen and elastic fibres of the papillary
and reticular layers may play an important role in preventing the transmis-
sion of external pressure to deeper tissues.
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Further Studies

Studies of the following nature would be beneficial:

1.

More systematic and comprehensive animal studies are needed to
enhance our understanding of the whole mechanism of tissue dam-
age-recovery following loading. The results of previous animal stud-
ies are not comparable; therefore, the protocols of future experi-
ments should be similar. For example, studies should use the same
kind of animal (e.g. pig) or in-vitro model, the same indentor shape
and loading system, the same site for indentation, and continuous
loading of predetermined pressure and duration, examined using
physiological, biochemical and immunohistological techniques. Once
the threshold curve between magnitude and duration of pressure
has been established, then the effect of repetitive loading can be in-
vestigated.

Characterization of the altered mechanical properties of the skin ac-
companying altered structure/composition in susceptible individuals,
for example the elderly, patients with spinal cord injury and those
with disuse syndrome. In addition, characterization of the altered
mechanical properties of the skin due to repetitive loading.
Qualitative and quantitative analysis of tissue viability using more
sensitive morphological tools, for example immunohistochemical
analysis or non-invasive techniques (e.g. magnetic resonance imag-
ing) that provide such information.

In-vitro investigation using a vital soft tissue model, that needs to
be established, to clarify how the force is transferred to the individ-
ual layers of the soft tissue and how a given layer behaves differently
when the force is applied to the skin.

One of the reasons why the aetiology of pressure ulcers has been investi-
gated so little over the past decades is a lack of involvement of basic medi-
cal scientists or biologists in pressure ulcer research. In order to facilitate
these studies, a multidisciplinary approach is needed involving biologists,
basic medical scientists, bioengineers, clinicans, and other medical care
specialists. This approach would provide significant advances in the patho-
genesis of pressure ulcer.
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