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124 Chapter 7

1. Introduction

A pressure ulcer (PU) is an injury to the skin and/or underlying tissues pressed against a
bony prominence, due to continuous pressure and shear forces [1]. Deep tissue injuries
(DTIs) might become life-threatening and can ultimately result in death [2,3].

Mortality likelihood is increased almost by two in bed-bound patients with PUs,
compared to bed-bound patients without them [4]. PUs prolong healing processes of
other principal conditions, lengthen hospitalization [3,5], and carry immense health-care
costs. It was previously reported that approximately 1.6 million PUs occurred yearly in
US hospitals alone, with a total cost of 2.2—3.6 billion dollars. On average, DTIs
increased health-care costs per patient by 14,000—23,000 dollars [5].

The heel is the second most common location for heel ulcers (HUs), occurring in 26% of
all ulcer cases, and has the second highest percentage (38.5%) of DTIs [6]. HUs are
formed when the soft tissues of the posterior heel (thin layers of skin and subcutaneous
fat) are subjected to sustained deformations while the foot is weight bearing.

When in a supine position due to lengthy surgical procedures, long-term hospitalization,
paralysis, or spinal cord injury, the soft tissues of the posterior heel are deformed by the
weight of the foot when pressed between the rigid surface of the posterior calcaneus and
the support surface [3,7—9]. Consequently, ischemia is formulated, rapidly leading to
tissue deterioration and ultimately resulting in an ulceration of the area [2,10].

Compressive and tensile stresses and strains are the primary mechanical factors for the
formation of ulcers of all severities. Friction is considered a secondary contributing factor
[8,9,11]. Shear and tensile stresses will occur around the pressure point even for a
completely perpendicular pressure [11]. This reaction is heightened around a bony
prominence that acts as a peg around which the tissue is stretched and distorted [9,11].

Tissue distortion is formulated by shear and pressure stresses that entrap the tissue
between an external support (e.g., a mattress) and an internal reaction surface (e.g., bone),
which causes stretching or compression of blood vessels in the tissue, leading to vessels
ischemia that results in necrosis of the tissue [8,9,12].

Friction promotes occurrence of shear stresses and thus stimulates the formation of ulcers.
As the outer surface skin is kept immobilized against the support while the body keeps
moving, a relative motion is produced between the skin and the rest of the body. This is a
form of the “hammock effect” with the outer layer of the skin acting as the “tight cover.”
This relative motion of tissues leads to intertissue shear stresses and lateral strains, which
result in ulcer formation [9,11].

The primary objectives of this study are follow: (1) Develop a three-dimensional (3D)
computational, finite element (FE) modeling of a heel affected by an HU, based on a real



Heel ulcers: investigating injurious tissue 125

case of HU, scanned by MRI. (2) Use the 3D model to investigate the case retrospectively
and determine the thresholds of internal mechanical loads in skin and fat, which led to the
onset and development of the HU in this case. (3) Effective (von Mises) stress, effective
(Lagrangian) strain, and strain energy density are scalar parameters that can be computed
by FE analysis and that are commonly used to evaluate the influence of external loads on
biological tissues [13—17]. Our third goal was to evaluate the best parameter out of the
three for one-to-one indication of injury.

2. Methods
2.1 Geometry

In this study, we used an MRI scan of a 72-year-old male subject (bodyweight = 95 kg)
with a set of 41 T2-weighted 3 mm-spaced images, portraying an axial cut of the right
foot. The calcaneus, fat, skin, and Achilles tendon tissues are demonstrated in the scan. A
DTTI with ulcerated skin and subcutaneous fat tissue is clearly visible in the scan (Fig. 7.1),
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Figure 7.1: Heel modeling configuration.

(A) Ulcer location in relation to foot posture while in supine position. (B) Part of the MRI image
set used for this project. Heel deep tissue injury (DTI) is clearly visible. (C) Finite element
computational model of the heel. (D) Unobscured view of the inner components of the model:
the calcaneus and the Achilles tendon (fat and skin layers were made transparent).

(E) Midsagittal cross section of the heel model, rested on a mattress.
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located on the posterior side of the heel, above the Achilles tendon insertion, which is
typical for HUs that develop following a prolonged supine position (Fig. 7.1A,B). The
analysis of the MRI data was conducted in close collaboration with an expert radiologist
with specialization in detecting soft tissue damage by means of MRI, Dr. Nogah Shabshin
from HaEmek Medical Center in Israel and the Hospital of the University of Pennsylvania
in the United States.

2.2 Finite element modeling

The MRI images were segmented into masks, representing each of the tissues included in
the scan. Simpleware ScanlP (Version 6) was used for the creation and meshing of the 3D
model. All masks closely followed the MRI scan and were given physiological geometry

(size and shape), while the ulcer region was replaced with healthy tissue structures

(Fig. 7.1C—E). Number and type of mesh elements for each tissue are descried in
Table 7.1. The heel was rested on a support with different stiffness levels and angles. The
stress and strain levels that formed because of the foot weight were then calculated in the
original ulcer site. Von Mises (effective) stress, shear stress, and Lagrangian strains were
used for calculating the loading applied on the soft tissues of the heel in the subsequent
injured area.

The model was solved using the FEBio Software Suite (University of Utah, US). PreView
(ver. 1.18.2) was used for assigning material properties, boundary conditions, and model
forces, as detailed in the following segments. PreView was also used for building and

meshing the support surface (“mattress”). FEbio (ver 2.3.1) was used for numerical

calculations and PostView (ver. 1.9.1) for force, stress, and strain analysis.

2.3 Mechanical properties

All tissues were assigned physiological mechanical properties according to the literature
(Table 7.1). The skin was assigned “aged” mechanical properties according to Ref. [18].

Table 7.1: Tissue mechanical properties and number of element that were used in the model.

Number of Type of Shear Bulk Elastic
mesh mesh Modulus, Modulus, Poisson’s modulus,

Tissue elements elements Gi.s (MPa) K (MPa) Ratio, L E (MPa) Source
Skin 83,387 4-node 0.3247 32.357 0.495 0.970853° [18]
Fat 213,170 linear 0.000286 0.0285 0.495 0.000855 [18]
Bone 65,971 tetrahedron - - 0.3 7000 [18,19]

Achilles 31,646 — — 0.495 0.1945 [20,21]

“A rather high value for the elastic modulus of the skin was chosen according to Ref. [18]. Values in the range of

E = 1 MPa for old skin tissue were also reported in other sources [22—24].
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The skin, fat, and Achilles tendon were assigned nearly incompressible biophysical
properties, due to their high water content [18,19]. Mechanical behavior of skin and fat
was described using a Neo-Hookean model for isotropic hyperelastic materials [18,19]:

G 1
W= =2 (A + 2 +25 = 3) +5K(inJ) (1)

where W is the strain energy function, G;,, is the shear modulus, 4; are the principal
stretch ratios, K is the bulk modulus of the tissue, and J the determinant of the

deformation gradient tensor. The calcaneus was considered an isotropic linear elastic solid
[19].

For the intensions of this study and based on previous relevant works [18,19], elastic
component of skin and fat was considered to be isotropic. The Achilles tendon retains
transversely isotropic and linearly elastic properties when compressed perpendicularly to
the main fiber axis [20], which was the case in this work, and so it was treated as an
uncompressible isotropic elastic material [3]. Tendon’s elastic modulus was taken as a
mean between E;; and E,, for median strain condition from Ref. [20] and maximal E for
moderate compression from Ref. [21]. Tissue properties used in the model are
summarized in Table 7.1.

Mechanical properties of the support surface were chosen to be lineal elastic with elastic
moduli of 40, 60, 80, and 100 kPa, based on our previous work which described elastic
moduli and stiffness behavior for hospital mattresses [19,25,26]. The support was meshed
with 8-node linear hexahedrons.

2.4 Boundary conditions

The bottom plane of the support was immobilized for translation and rotation motions in
all directions. Static friction coefficient between heel and support was adopted from the
literature [19]. As patient’s precise foot weight was not known, anthropometric data (foot
weight as % of total body weight) were used [27], indicating that foot weight is
approximately 1.458 £ 0.126% of the total body weight. Two foot weights were
modeled, accounting for a “light” and a “heavy” foot: 9.3N (1% of body weight) and
20.6N (2.2% of body weight), accordingly. The superior surface of the calcaneus was
displaced downward and horizontally to simulate the load of the foot weight. As contact
force is equal to the foot weight while resting on a support, the load levels were
confirmed by verifying the contract force between the heel and the mattress for each
case. Light and heavy foot weights were simulated by adding additional displacement of
the calcaneus, without changing the width of the fat or skin layers, so the original
geometry portrayed by the MRI reminded intact.
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Figure 7.2: Three mattresses positions used in our work.
(A) Mattress in the Trendelenburg position, angle marked by a. & =5, 10, 20, and 30 degrees.
(B) A horizontal mattress: oo = f = 0 degree. (C) Mattress in the reverse Trendelenburg position,
angle marked by B. B =5, 10, 20, and 30 degrees.

The foot was set in three mattress positions according to common surgical bed positions:
Trendelenburg (Fig. 7.2A), horizontal (Fig. 7.2B), and revere Trendelenburg (Fig. 7.2C).

Several angles were simulated for the Trendelenburg and reverse Trendelenburg positions:
0 (horizontal), 5, 10, 20, and 30 degrees, chosen according to standard surgical bed angle
range and common surgical practices for procedures requiring a nonhorizontal patient
position [28—35].

2.5 Outcome measures

The skin and fat in original HU area were analyzed for effective stresses and Lagrangian
strains. Outcome measures included maximal effective (von Mises) stress, maximal shear
stress, and maximal Lagrangian strains. Outcome measures were compared between the
various support angles and between fat and skin for each angle. In several cases (partial
angles/mattress stiffness), additional measures included maximal compressive and tensile
strains and distribution of strain energy density.

3. Results

An example of the FE model of the heel is presented in Fig. 7.3, rested on a horizontal
80 kPa support. Colors indicate the effective stress, Lagrangian strain, and strain energy
density distribution. The original wound area is marked, and clearly indicating the
subsequent DTI was a site for stress and strain concentration. A close-up of the loaded
tissues in the wound area 1s also presented (Fig. 7.3D).

Computational data were cross-examined by category using graphs and tables so that large
amount of data could be inspected simultaneously. In certain categories, some data were
not considered for efficacy purposes, when no further conclusions could be drawn from it.
For convenience, the angle range of the Trendelenburg position is marked by «, and the
angle range of reverse Trendelenburg position is marked by . The abbreviation “FW,”
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Figure 7.3: Example of stress and strain distribution in the soft tissues of the heel rested on a

horizontal 80 kPa support and loaded by the natural weight of the foot.

The original location of the ulcer is marked by a white rectangle. Both sides of the heel are
presented. The calcaneus was made transparent for presentation purpose only. (A) Effective

stress (von Mises) distribution, (B) Lagrangian strain distribution (C) strain energy density
distribution, and (D) a zoom in on the area on the original ulcer location. Extremely high
deformations in the fat are clearly visible and indicated by black arrows.
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used in the following figures, stands for “foot weight.” For example, FW = 2.2%BW
signifies that the foot weight is 2.2% of the total body weight.

Main results for effective and shear stress as function of tissue type (fat/skin), support
angles, and mattress stiffness levels are presented in Fig. 7.4. A clear lineal connection
between support stiffness stress levels is evident (Fig. 7.4A,B), in addition to higher stress
levels in the skin as opposed to the fat (Fig. 7.4E—H).

Going from a 40 kPa mattress to a 100 kPa support, both the maximal effective and shear
stresses were increased by more than 30% in the skin and more than doubled their values
in the fat. Maximal shear stress was about 55% of the total maximal effective stress in
both skin and fat, regardless of the angle. Results for o and B angles are summarized in
Table 7.2.

We introduce what we call “injury thresholds,” calculated for skin and fat tissue for low
(FW = 1%BW) and high (FW = 2.2%BW) foot weight. Effective and shear stress injury
thresholds were calculated using the average maximal effective and shear stresses and vary
as function of mattress stiffness. Complete injury thresholds in kPa are described in

Table 7.3.

The main results for Lagrangian strain injury thresholds for fat and skin, as function of
support stiffness levels (Fig. 7.5) and angles (Fig. 7.6), are presented next. A clear lineal
increase of strain in the skin as function of mattress stiffness is evident (Fig. 7.5A,B).
However, strain levels in the fat show a far lesser correlation with mattress angles and
stiffness (Figs. 7.5C,D and 7.6).

Lagrangian strain injury thresholds in skin and fat are presented in Table 7.4 for o and 3
angles, in addition to threshold levels averaged for all the angles for each mattress
stiffness. It is evident that strain levels in the skin are much lower than in the fat tissue,
with the difference escalating as the weight of the foot increases (Table 7.5).

Lagrangian strain is composed of compressive (vertical) and tensile (lateral) strains, the
division between which was examined for skin and fat for several select support
configurations, as described in Table 7.6.

Strain energy density distribution was analyzed graphically: a single and distinct zone of
maximal strain energy density in the heel model is located directly in the middle of the
eventual ulcer location, as opposed to effective stress. This is demonstrated in Fig. 7.7.

4. Discussion

An MRI scan of the right heel of a 72-year-old male subject, with a preexisting DTT at the
time of the scan, was used to create patient-specific 3D FE model of the heel that included
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Figure 7.4: Maximal effective stress (kPa) versus maximal shear stress (kPa) as a function of
mattress stiffness, FW = 2.2%BW: (A) a—skin, (B) B—skin, (C) a—fat, (D) B—fat.
Maximal effective stress in skin versus fat, as function of the mattress angle: (E) a angle, (G) B
angle. Maximal shear stress in skin versus fat, as function of the mattress angle: (F) o angle, (H)

B angle.
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Table 7.2: Maximal shear and effective stresses (averaged values for all o values and all B
values) increase percentage, in skin and in fat, when going from a 40 kPa mattress to a 100 kPa
mattress. Maximal shear stress as percentage of the total maximal effective stress, for o and B
angles, for skin and fat.

Maximal effective stress Maximal shear stress Maximal shear stress as % of total

increase in %

increase in %

maximal effective stress

Tissue () (B) (=) (B) (o) (B)
Skin 35% 34% 29% 29% 57.2% 57.6%
Fat 139% 108% 128% 97% 52.3% 52.5%

Table 7.3: Injury thresholds (kPa) in the skin () and fat (Il): (FW1%BW — FW2.2%BW).

Thresholds vary for each mattress stiffness. Effective stress injury thresholds for o and B angles

are indicated by “effective stress (a)” and “effective stress ()”, respectively. Shear stress injury

thresholds for o and B angles are indicated by “shear stress (a)” and “shear stress (B)”,

respectively.

(1) Skin injury thresholds (FW1%BW — FW2.2%BW), kPa
Mattress Effective Effective Shear stress Shear stress
stiffness (kPa) stress (o) stress (B) (ot) (B)
40 48—52 48—51 27-30 27-30
60 55—-59 55—58 32—34 32—-34
80 48—66 61—65 35—-38 35—-37
100 62—69 62—69 36—38 35-37
(Il) Fat injury thresholds (FW1%BW — FW2.2%BW), kPa
Mattress Effective Effective Shear stress Shear stress
stiffness (kPa) stress (o) stress (B) (o) (B)
40 3—6 3—6 2—3 2—4
60 4—11 4—11 2—6 2—6
80 4—-15 4—11 2—8 2—6
100 4-—-15 4-13 2—7 2—7

the calcaneus, Achilles tendon, fat, and skin. The original DTI area was given properties
of healthy tissues. Foot weight—related tissue loads that acted in the original wound area
and which instigated HU formation were calculated and used to determine suggested
injury thresholds. As foot weight was not expected to drastically change during the injury
time frame (hour to days) of the patient’s hospitalization, the load levels acting in the DTI
area were also expected to remain mostly unvarying. We concluded that the computed
stress and strain levels in the simulation (during the “healthy” state) would have been the
same later on, when the ulcer was formed. This allowed us to estimate injury-causing
stress and strain thresholds, as described in Tables 7.2 to 7.6. Over time, these load levels
are expected to result in a DTI.
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Figure 7.5: Maximal Lagrangian strain as function of mattress stiffness, FW = 2.2%BW, for
both skin and fat.
Angle range for both o and B angles is =0, 5, 10, 20, and 30 degrees. (A) Skin, a; (B) skin, B;
(C) fat, a; (D) fat, B.

The fat tissue has exhibited effective and shear stress injury thresholds 14 to 6 and 16 to 6
times lower (for high and low foot weights), accordingly, compared to the skin, regardless
of mattress stiffness and angle. This suggests the fat is much more susceptible to stress
than the skin, as a lower stress is needed for injuring this tissue, possibly clarifying why
ulcer onset is often initiated in the fat.

These results also exhibit the pivotal role shear stress has in ulcer formation, with the
shear component of the total effective stress being larger than 50% for skin and fat for
both angles, as demonstrated in Table 7.2.

The results indicate that fat tissue has a much greater tolerance to strain than the skin, as
strain levels in the fat were 80—220 times higher than in the skin, for all foot weights,
angles, and support stiffnesses.

Effective stress injury thresholds were significantly influenced by mattress stiffness. When
going from a 40 kPa to a 100 kPa mattress, effective stress and shear stress injury
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Figure 7.6: Maximal Lagrangian strain as function of mattress angle, FW = 2.2%BW, for both
skin and fat.
Angle range for both o and B angles is 0, 5, 10, 20, and 30 degrees. (A) Skin, o; (B) skin, B;
(C) fat, a; (D) fat, B.

Table 7.4: (A) Injury thresholds for Lagrangian strain is skin and fat. (B) Threshold levels of

strain, averaged for all the angles for each mattress stiffness.

Fat—injury

o th.resholds thresholds average
Sk'"__'"-lury thresholds  Strain (-100%) Skin—injury thresholds of all angles Strain
Mattress Strain (-100%) (FW1%  (FW1%BW — average of all angles (-100%) (FW1%

Fat—injury

stiffness BW — FW2.2%BW)  FW2.2%BW)  grain (-100%) (FW1% BW — FW2.2%
(kPa) () (B) ()  (B) BW — FW2.2%BW) BW)
40 0.08—0.09| 0.08—0.09| 7—-30| 7—21 0.08—0.09 7—26
60 0.08—0.09| 0.08—0.09| 6—14| 6—14 0.08—0.09 6—14
80 0.09—0.10| 0.09-0.09| 6—15| 6—22 0.09—0.10 6—18
100 0.10-0.12| 0.11—0.11| 11—29| 9—23 0.10—0.11 10—26
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Table 7.5: Number of times maximal Lagrangian strain in fat is larger than in skin, as function
of foot weight, low (BW = 1%) and high (BW = 2.2%), and as function of support stiffness
(e.g., for 1%BW and a 40 kPa mattress, the maximal Lagrangian strain in fat is 88 times larger
than in skin, and for 60 kPa mattress, maximal Lagrangian strain in fat is 70 times larger than

in skin).
Mattress stiffness (kPa)
Foot weight as % of body weight 40 60 80 100 Average for all stiffnesses
FW is 1%BW 88 70 60 97 79
FW is 2.2%BW 303 161 193 232 222

Table 7.6: Transverse stretch as % of total strain versus vertical compression as % of total

strain. Only two angles were examined: B = 0 and B = 30.

Mattress stiffness (kPa)
Stretch% of total strain — Compression% of total strain

Tissue Angle Foot Weight 40 60 80

Skin B=0 1%BW 48%—52% 49%—51% 51%—49%
2.2%BW 51%—49% 49%—51% 50%—50%

B =30 1%BW 50%—50% 49%—51% 50%—50%

2.2%BW 52%—48% 54%—46% 50%—50%

Fat B =30 1%BW 89%—11% 88%—12% 85%—15%
2.2%BW 95%—5% 91%—9% 93%—7%

B =30 1%BW 100%—0% 87%—13% 93%—7%

2.2%BW 99%—1% 92%—8% 95%—5%

thresholds in the skin increased by 30% for both the “light” and “heavy” foot and by 30%
and 110% in the fat for the “light” and “heavy” foot, accordingly.

Strain injury thresholds in the skin were significantly influenced by mattress stiffness, on
average rising by 25% when going from a 40 kPa support to a 100 kPa support, with the
highest strain levels resulting for the softest mattress (40 kPa). Foot weight increase from
1%BW to 2.2%BW caused strain injury thresholds of fat to triple for 80 and 100 kPa
supports, to double for a 60 kPa support and to quadruple for a 40 kPa support. Strain
injury thresholds of skin were less influenced by the weight increase, increasing by 11.5%
on average when going from 1%BW to 2.2%BW. These results indicate that a mattress
that is too soft might have a disadvantageous influence on HU formation, by causing
greater deformations of soft tissues due to the sinking of the foot inside the mattress, while
the friction between the foot and the mattress prevents relative movement of the outer skin
layer, thus creating a drag effect of the inner soft tissues and resulting in a “hammock
effect” with the skin acting as the “tight cover” [9,11]. The increase in foot weight had
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Figure 7.7: Strain energy density distribution in fat and skin versus effective stress distribution,
for various mattress stiffnesses and angles.
The calcaneus was made transparent for presentation purpose only. Ulcer location is marked by
a dotted square. It is evident that maximal levels of strain energy density are concentrated at the
eventual ulcer location.

also a significant effect on stress levels, doubling the effective and shear stress levels in
the fat for a 40 kPa mattress, while only increasing by 10% in the skin. Increasing the foot
weight for 60, 80, and 100 kPa supports caused the stress injury thresholds to rise by
210% on average in the fat, while growing by 10% in the skin.



Heel ulcers: investigating injurious tissue 137

For all mattresses and angles, distribution of compressive tensile strains in the skin was
equally 50%—50%. However, the fat had mostly experienced tensile strains, with
compressive tensile distribution of 8%—92%. Following the downward compression due to
the weight of the foot, the fat repositioned laterally, rather than actually compressing in
place, due to its soft (compared with the skin) but uncompressible nature.

A small angle of 5—10 degree reduced effective and shear stress levels in the fat tissue by
25%—35% compared with the horizontal position, for both Trendelenburg and reverse
Trendelenburg positions and all mattress stiffness levels but the 80 kPa mattress. An angle
of 5 degree had also reduced strain levels for both positions with a 29% drop in the fat
and a 4% in the skin, for all support stiffnesses but 100 kPa. A 10 degree angle had not
improved strain levels, and in some cases even increased them, leading to the conclusion
that a 5 degree-tilted bed (lifted or lowered) can greatly reduce strain and stress levels in
both skin and fat, thus lessening the chances for ulcer formation.

Lastly, a correlation was observed between the eventual ulcer area and areas with distinct
concentration of strain energy density, indicating that a high level of strain energy density
is a good predicator for ulcer formation, which is also coherent with Ref. [17] and
confirms the hypothesis suggested by Ref. [36], proposing to look at strains values (as
opposed to stress values) as a predicator for a PU.

The 3D FE modeling of the heel presented in this study has allowed us to gain knowledge
on the stress and strain levels involved in the formation of DTI of the heel.

We examined the influence of bed angle and foot weight on the resultant stress levels on
the skin and fat tissues and determined injurious effective stress and shear stress
thresholds. Although this work is based on a single MRI scan set and cannot provide
universal DTI thresholds, the data offer an initial reference point to the size and range of
ulcer causing stress and strain levels.
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