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1. Introduction

Pressure ulcers (PUs, also called pressure injuries) are areas of soft tissue breakdown that
result from sustained mechanical loading of the skin and the underlying tissues. The loading
may be direct pressure or pressure with shear or friction force [1]. A PU arises when some
regions of soft tissue undergoe cell death in response to the sustained pressure [2].

The etiology of PUs requires greater understanding to provide efficient prevention and
therapy, and more research is necessary [3]. Possible mechanisms of injury include
ischemia (disrupted blood flow), reperfusion, rupture of cellular structures, metabolic
stress, and oxidative stress. Ischemic injury can result from direct sustained pressure, from
repetitive moderate pressure, and/or from shear. When ischemia is followed by reperfusion

Innovations and Emerging Technologies in Wound Care. https://doi.org/10.1016/B978-0-12-815028-3.00003-1
Copyright © 2020 Elsevier Inc. All rights reserved. 4 1


https://doi.org/10.1016/B978-0-12-815028-3.00003-1

42 Chapter 3

of blood, the ischemia—reperfusion combination causes oxidative stress and tissue injury
[4]. Another important mechanism of tissue injury during PU formation is increased
membrane permeability or outright rupture of cell membranes [5,6]. The integrity of cell
plasma membranes (the sarcolemma in muscle cells [7]) is required for health and
homeostasis, and if a cell membrane experiences a large rupture, the cell undergoes lysis
and death. The cellular contents released from cell lysis may include alarmins that
trigger inflammation or redox active compounds such as globin proteins, which can
create oxidative stress, alone or in combination with other proteins in the wound [8]. The
cytoskeleton of a healthy cell has a remarkable capacity for dynamic remodeling and
flexible geometry [9]. Cellular stress response signaling can help cells survive harsh
conditions [10], often with transient dynamics [11], and the same pathways can make
cells vulnerable to prodeath stimuli through the pathways of extrinsic apoptosis [12,13].
Extracellular matrix architecture may provide considerable protection for mechanical
stability, but the extracellular matrix is in constant flux, and the mechanical capability of
extracellular matrix can be decreased if there is a jump in protease activity [14]. In
summary, many biological processes may contribute to injury, and more research

must be focused on the PU context rather than speculated by analogy from other
contexts.

As improvements in medical care allow people to live longer with comorbid conditions,
immobility becomes an increasingly prevalent problem [15]. Care of immobile people
requires frequent turning to prevent PU formation in vulnerable areas [16]. Despite the
significant costs to stakeholders and the efforts invested in prevention/education, PU
occurrence remains a serious problem. An American study reported that there are

2.5 million new cases of PUs every year, with an annual cost of USD 11.6 billion, and
60,000 patient deaths due to PUs annually [17]. Turning and off-loading can be achieved
through direct repositioning and/or by use of specialized support surfaces [18], and
interest has grown dramatically in the use of prophylactic dressings [19]. Preoperative
preparation of surgical patients [20] has been a particularly attractive context for early
stage trials of dressings, where the incremental cost is easily accommodated. Lessons
learned from early efforts with prophylactic dressings may later extend to a broader
variety of PU contexts.

The heels are the most common site for PUs acquired in long-term acute care facilities
[21] and are the second most common site for PUs overall (23.6%), after the sacrum
(28%) [22]. The heels are also the site where deep tissue injury is most prevalent
[16,23,24]. As with other PUs, heel ulcers can involve serious, life-threatening
complications [25]. The dorsal surface of the heel is particularly vulnerable to pressure
injury. The plantar surface is well adapted to mechanical loading, including high-impact
activity, but the posterior heel is not. Over the heel bone (calcaneus) is only a thin layer of
skin and soft tissue [16].
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The panniculus carnosus (PC) is a thin layer of muscle present in many mammals and in
some areas of the human body [3]. The PC is a muscle just below the skin and attached to
the skin, which allows movement of the skin independent of the skeleton or deeper
muscles. The animal equivalent of the PC functions to dislodge insects or other noxious
agents. The PC is considered vestigial in higher primates, where limbs are long enough to
reach around the body. In the human body, specific areas have a PC muscle as a discrete
structure with clear presence: the platysma of the neck, the subareolar muscle around the
nipple, the dartos of the scrotum, the palmaris brevis of the hand, and the corrugator cutis
ani [26]. In other areas, the PC layer may be present, absent, or sparsely present in the
form of muscle strands that connect to skin but not a continuous sheet. Multiple authors
concur that remnants of the PC are still found in many individuals [27]. Note that

human anatomy routinely encompasses enormous variability. For example, the plantaris
muscle varies in size from person to person, sometimes as large as 13 cm, but is absent

in 7%—20% of individuals [28].

The function of the PC is poorly understood and frequently speculated on. The palmaris
brevis is a thin PC muscle layer at the base of the hand, and it is believed to protect the
nerves and vessels at the ulnar canal (beside the bone) [29]. On this basis, surgeons are
advised to preserve it during hand surgery. The electromyographic function and
microanatomy at the base of the hand has been more closely studied than equivalent
locations on the heel. The heels of cadavers were studied by Cichowitz et al., who
performed microdissections and found thin layers of PC muscle at the subcutaneous level
in many individuals [3]. To the best of our knowledge, no study has yet performed a
comprehensive survey of the geometric extent of the PC in human heels. They proposed
that the PC may be the site of origin for PUs of the heel because muscle, as a tissue type,
is comparatively vulnerable to ischemic death. From this viewpoint, people with a PC
layer in the heel may be more susceptible to pressure injuries. Another viewpoint arose
from studying the contractures caused by the PC after burn trauma; Greenwood
hypothesized [26] that the PC may have an adaptive function to accelerate wound closure
by contracting wound edges. The viewpoint inspired by the palmaris brevis instance
(above) suggests the PC may serve as mechanical protection for softer structures near
bone. It is this protective capability we wish to consider further in this chapter. Our
approach will employ computational biomechanics, simulating finite element models of
mechanical deformation and comparing two models: one with the PC and one without.

Prior research in computational biomechanics has generated many insights into the
etiology and pathophysiology of heel PUs. In understanding the biomechanics of heel
ulcers, mathematical models and finite element simulations have shown stress—strain
behaviors of the heel under loading conditions [18,25,30,31]. This has improved
understanding of tissue deformation and also the role of support surfaces or external
measures to decrease the loading or to improve the load distribution. The simplest
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biomechanical model for studying PU risk in heels was constructed using the curved shape
of the posterior calcaneus as a rigid sphere that compresses a soft and elastic tissue layer
[25]. The abstract geometry of such models is extremely simple approximations of the
natural phenomenon. Subsequent work from Luboz et al. performed a 3D simulation and
examined internal Von Mises strains resulting from pressures applied to the foot sole to
simulate a standing position [30]. The improvements of later work included more detailed
models with full bone structure for a foot in addition to tendons and ligaments, including
four layers: plantar skin, nonplantar skin, arch muscles, and fat between layers, all with
different Neo-Hookean properties [30]. The geometry of these regions was constructed
using MRI scans of subjects and can be considered a high-order approximation. This
state-of-the-art work is costly to construct. For the question we address here, about the
mechanical implications of having a PC layer at the heel, we seek a first-order
approximation, more detailed than an abstract sphere and less costly than a clinically
customized high-order model.

Another recent contribution aids our work by providing data about heel microanatomy.
Cichowitz and Ashton [3] performed careful examination of foot vasculature and, in the
course of that effort, came across important evidence about the PC. They found a thin PC
muscle layer located within the soft tissue of the heel, just under the dermis of their
subjects. Their quantification of PC geometry in the heel is our primary source of PC data.
However, because their focus was the whole foot vasculature, they assessed the presence
or geometry of a PC layer neither specifically at the posterior aspect of the heel nor in the
transition from plantar to posterior surface. Because the dorsal (posterior) surface has very
high risk of PU formation, these areas require additional study.

The high prevalence and human cost of PUs creates urgent need for improved methods of
risk assessment. If the presence of a PC layer does redistribute biomechanical stress in soft
tissues of the heel, as we hypothesize, then clinical imaging of the PC anatomy through
means such as ultrasound might one day contribute to improved methods of risk
assessment. In the meanwhile, we should not presume to know the net effect of PC
anatomy on tissue viability. The firm elasticity of PC tissue might provide some protection
of soft structures near bone, when loading is low enough to avoid ischemia of the muscle.
On the other hand, the vulnerability of muscle tissue to ischemic injury, and the cytotoxic
effects of muscle death on surrounding tissues, might cause harm during the prolonged
static stress of immobility [3]. Mechanistically grounded principles for risk assessment
will be important to develop, but we also need more tools for prevention, in cases where
high risk has been identified. Prophylactic dressings are gaining momentum for
prophylaxis of pressure injury [19], and interest may continue to grow if evidence of
efficacy accumulates. The biomechanical engineering of dressings to prevent pressure
injury is a relatively new field of research, and the field might benefit from biomimetic
designs. If the PC has naturally evolved to play some protective function, or if our
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simulations show it improves load distribution, then PC anatomy may offer inspiration for
the design of prophylactic dressings. This is particularly attractive option because a
PC-like dressing on the outer surface of the skin might provide biomechanical protection
similar to a natural PC layer under the skin, but unlike natural muscle, the dressing would
not become ischemic, necrotic, or toxic after high stress.

2. Methods
2.1 Three-dimensional model of the heel

The three-dimensional (3D) geometry of our model with discrete surface layers (Fig. 3.1)
was constructed in Solidworks (CAD software suite) using published values for the
physical dimensions of different layers [3,27,32]. Our heel model uses simple geometrical
volumes to provide a first-order approximation of the bone, tendon, soft tissue, and skin.
A cylinder is used to model the lower leg, and a sphere is used to model the heel bone
(calcaneus). To model the slight elevation of the lower leg from the plane, the sphere is
rotated 100° instead of 90° from the coronal plane. Figs. 3.1 and 3.2 below show the 3D
model of the heel constructed and used in the simulation.

The pressure applied to the calcaneus is intended to mimic the weight of one foot (2 kg),
so the force was simulated to be 20 N (Fig. 3.3).

To simulate attachments between each tissue layer, the layers were merged into one solid
with different mechanical properties in each region. To simulate pressure originating
specifically from the calcaneus bone, we constructed the calcaneus as a separate object.
The connections between bone and surrounding tissues are difficult to model because they

Calcaneus

Achilles Tendon

Soft Tissue

Panniculus
Carnosus

Skin

Figure 3.1: Three-dimensional geometry of the heel model, with panniculus carnosus (PC)
muscle layer (left) or without (right).
The model without PC has a thicker layer of soft tissue layer, in place of the PC layer. For this
and future images, red denotes bone, yellow denotes adipose-like soft tissue, green denotes
tendon, purple denotes PC, and turquoise denotes skin.
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(A)

Skin: 2mm thick

Panniculus Carnosus:
1.5mm thick

Fats: 3mm thick

Achilles Tendon:
Smm thick at end

Figure 3.2: Geometry of the model layers.
(A) The thickness of each layer is annotated on an inverted orientation (skin on top and the
calcaneus at the bottom) viewed from the medial—lateral perspective. (B) The same model is
shown in upright orientation.

Pressure equivalent to
Weight of foot (20N)

LU L

Soft Tissue

Achilles
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Panniculus
Carnosus (PC)

Skin

Fixed Support
(Steel or
Urethane foam)

Figure 3.3: Load applied to the bone.
Schematic of simulated force, with constant pressure placed on the calcaneus and transmitted
through the heel layers to a base surface. This configuration is intended to induce sustained
deformation of the tissues, similar to that of a patient lying supine.

arise through many discrete microscale attachments to filamentous structures. As a
macroscale approximation of the adhesion between bone and surrounding tissues, we
introduced artificial friction (coefficient 1.5) that was sufficient to maintain contact along
the interface between the bone and the surrounding tissues. Boundary conditions were set
to prevent the model from rotating in any axis or displacing out of the frame. The top
surface of the model will only displace in the Y direction, and the model will be allowed
to expand in the X and Z directions to simulate later expansion of the soft tissue as it

is flattened. In the superior surface of the heel, boundary conditions permitted movement
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only in the Y direction. This simulates resistance from the tissues present in the superior
area of the heel. The bottom surface of the base will have zero rotation and displacement,
to hold the model in place.

2.2 Simulations

The 3D assembly created using Solidworks was then imported into Abaqus, a software suite
for finite element analysis. Mechanical properties were assigned to each layer as shown in
Table 3.1. The model was meshed using tetrahedral rather than hexagonal elements due to
sharp angles in the soft tissue layer. We added a base layer with mechanical properties of
steel (e.g., the footrest of a standard wheelchair) or urethane foam (e.g., a mattress) [33].
The hard base is expected to accentuate the differences in stress behavior between the two
models, and the soft foam is expected to minimize the differences.

Following prior work [31,38,39], we used Neo-Hookean hyperelastic properties (Table 3.2)
for the more elastically deformable layers, namely the soft tissue, skin, and muscle.
Including this deformability improves the model because strong deformations of the softer
layers would violate a general elastic model. Here, the shear modulus of the PC is taken as
that of a slack muscle and its bulk modulus (K) is calculated using the shear modulus

(G) and poisson ratio (v) according to the following equation:

~2G(1+v)
k= 3(1 —2v)

Table 3.1: Mechanical properties of tissue layers.

Tissue Layer Young’s Modulus, E (MPa) Poisson’s Ratio, v
Soft tissue [34] 2 0.45
Achilles tendon [35] 520.4 0.49
Bone [36] 20,000 0.42
Base (steel) [37] 210,000 0.3
Urethane [33] 0.025 0.0

Table 3.2: Hyperelastic Neo-Hookean properties of tissue layers.

Shear Modulus, G

C10: Shear/2

Bulk Modulus, K

D1: 2/Bulk (1/

Tissue Layer (Mpa) (Mpa) (Mpa) Mpa)
Soft tissue (fats) 0.000286 0.000143 0.0285 70.175
[31]
Panniculus 0.0071 [38] 0.00355 0.08019 [39] 24.94
carnosus
Skin [31] 0.039 0.01695 3.179 0.629
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After running simulations with a steel base to simulate a sturdy support, we also ran
simulations using the properties of urethane foam, a material commonly used in seating
and mattresses. When using Neo-Hookean hyperelastic properties, the simulations took
14—24 h to complete on a PC with Intel I7 4 GHz processor and 16 Gb of RAM.

3. Results

After obtaining the final results of the simulation for the model with PC, we then ran the
simulation except using the model without PC. Each pair of simulations was done using
the same material properties, with the same boundary conditions and interactions in place,
and the only difference was the presence or absence of the PC. In each mesh, there were
approximately 18,300 elements generated with 47,000 nodes. A comparison of the stress
fields from the simulations can be seen in the heat maps of Figs. 3.4 and 3.5. These heat
maps use the same ranges of stress, between 0.00,002 Mpa (blue) to 3 Mpa (red).
White/gray denotes any stress greater than 3 Mpa.

Figs. 3.4 and 3.5 show a distinctive difference in stress behavior, depending on the
presence/absence of the PC. We focus attention only on the regions were PU can occur
(not inside the bone and not outside the body). Specifically, we focus on regions with >3
Mpa of stress in soft tissues layers of the fat, skin, and muscle. The model without the PC
experiences this extreme level of stress in a broad column between bone and base, passing
through all the tissue layers. In contrast, the model with PC has low stress in skin and only
a small region of high stress >3 Mpa in the fatty soft tissue.

After obtaining results for a heel resting on a steel base, we next ran simulations using
urethane foam as the base. Models with and without PC were simulated using these

With Panniculus Carnosus Without Panniculus Carnosus
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Figure 3.4
Stress heat map of the simulation with steel base. Model is viewed in the X-plane (range is in Mpa).
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Figure 3.5

Stress heat map of the simulation with steel base. Model is viewed in the Z-plane (range is in Mpa).
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Figure 3.6: Stress heat map of the simulation with urethane foam base.

Model is viewed in the X-plane (range is in Mpa).

conditions (i.e., the same boundary conditions and interactions in place), and all material
properties unchanged except the soft base. We calculated the effects of applying 20 N
force to the heel bone (mimicking the weight of a foot), and the resulting stress fields
are shown as heat maps in Figs. 3.6 and 3.7 below. Compared with the results using a
steel base, the heat maps for stress on a foam base show a much lower range of stress
values, between 0.0000002 Mpa (blue) and 0.05 Mpa (red). White denotes any stress
value above 0.05 Mpa. The calcaneus is colored white because it experiences stress
above the mapped range, but this heat map is calibrated for a much lower range than

Figs. 3.4 and 3.5.
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Figure 3.7: Stress heat map of the simulation with urethane foam base.
Model is viewed in the Z-plane (range is in Mpa).

Because the foam surface creates far less stress than steel, the impact of the PC is more
subtle. Fig. 3.7 is annotated with circles showing some differences. However, because of
meshing and numerical approximation at each node, it is not possible to infer significance
from small differences in isolated nodes. Overall, the model without PC still experiences a
higher amount of stress in the layers of soft tissue, but this might not have any practical
importance when the base support is soft.

4. Discussion

A simplified 3D biomechanical model of heel tissues was developed for determining
whether the presence of a firm elastic layer, resembling the PC muscle, would mitigate
stresses typical of PU formation. The heel model consists of three large components: a
rigid bone, a merged set of nonbone layers (fats, tendon, muscle, and skin; in the model
without, the PC will have fats replaced by the muscle layer), and a rigid support surface
below. Stress behavior was computed using a biomechanical simulation of the heel on a
flat base using the Abaqus software suite.

The results from the biomechanical simulations suggest that there are differences between
the two models, when loaded on a hard surface. In the presence of the PC tissue, the heel
will experience higher stress in the inner layers of the heel, as seen in the white and red
parts in the heat map. In the absence of the PC tissue, we can observe that the heel
experiences high stress in a much larger area in surrounding tissues, which spans from the
contact at the calcaneus to the contact point at the inferior part of the model. This suggests
that the presence of a thin muscle layer can improve the distribution of load during
high-stress conditions and motivate us to propose development of PC-like biomimetic
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dressings for adhesion to the skin surface. When we run the simulation using a soft base
of support, the differences become much smaller, suggesting that the PC is less important
to the biomechanics in a well-cushioned context. As expected, dressings to prevent
pressure injury would be less likely to bring any benefit in low-stress contexts.

There are several limitations to our approach that need to be considered when deciding
whether to pursue development of PC-like dressings for PU prevention. The first is that
our model is a first-order approximation of the heel geometry and is not faithful to the
anatomical details of a real human heel. The approximation was constructed using
published dimensions, but without use of clinical imaging. For example, the fat layer has
been modeled to entirely fill a volume that should also contain vasculature and nerves.
Although these nonfat components make up a very small faction of the soft tissue
volume, they have disproportionate importance, which the current model neglects.
Secondly, the mechanical properties of the different tissue types were taken from prior
publications with macroscopic mechanics represented by bulk parameters. Such
simplifications fail to reflect the complexity of microarchitecture and heterogeneous
reality. Although we may aspire to comprehensive parameterization of computational
models through empirical fitting of extensive measurements (as for biochemical systems
[40]), biomechanical models are only starting to approach authenticity to human patients
[41]. A third limitation is the set of interactions between the different layers. Our
simulations used high friction to create connection between the calcaneus and the
surrounding tissue layers, but future work should improve this approximation. Lastly, the
simulated location of the PC is just below the skin, due to the PC being a dermal muscle
layer. However, the detailed placement of PC in human heels requires further
clarification, especially for its continuation from the plantar to the dorsal side of the heel.
Simulations can still be done with different positions of the PC with the current
conditions and finite element simulation methods, simply by changing the position of the
PC in the 3D model (e.g., using Solidworks software). Future simulations, in conjunction
with dressing design and development, should demonstrate the effects of PC-like layers
on the external surface of the heel.

In conclusion, we used 3D finite element modeling to run simulations of pressure on a
heel-like geometry, and we compared the levels of tissue deformation with and without the
PC layer. The presence of the PC caused consistent and extensive decrease in stress
experienced by soft tissues resting on a firm surface. This could be due to its elasticity and
compressibility, allowing redistribution of the applied forces over larger regions. Future
work can provide more detailed models with greater anatomical accuracy, based on
dissection or clinical imaging of actual heels, and based on engineered PC-like dressings
for adhesion to the epidermis, at the dorsal heel and other vulnerable regions.
Understanding our native biology for preventing pressure injury will aid in design of safe
and effective interventions such as prophylactic dressings.
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