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1 | INTRODUCTION

Abstract

Patients who are stationary endure prolonged pressures and shear loads at contact
areas between their body and the support surface, which over time may cause pres-
sure ulcers (PUs). Donut-shaped gel head supports are commonly used to protect
the occiput, which is among the most common anatomical sites for PUs; however,
the biomechanical efficacy of these devices is unclear. To investigate their effects
on scalp tissues, we have used our three-dimensional anatomically realistic finite
element model of an adult head, to which we have added a donut-shaped gel head
support. We then compared the occipital scalp tissue loads' occurrence while the
donut-shaped gel head support is in use with those associated with a fluidised head
positioner and a standard medical foam. The donut-shaped gel head support
inflicted the greatest exposure to tissue mechanical stresses, particularly to the high
(and therefore dangerous) stress domain, when compared to the other positioners.
We concluded that while the donut-shaped gel head support is designed to avert tis-
sue loads away from the occiput and disperse them to the surroundings, in practice,
it fails to do so. In fact, the donut-shaped gel head support imposes the head-weight
forces to transfer through a relatively narrow ring of scalp tissues, hence increasing

the risk of developing occipital PUs.
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among the most common anatomical sites for PUs associ-
ated with a supine body position.*

A pressure ulcer (PU), also called a pressure injury, is
localised damage in soft tissues that are subjected to
sustained mechanical loading, often by bodyweight forces."
Patients who are stationary, for example, paralysed or under
anaesthesia, endure prolonged pressures and shear loads at
contact areas between their body and the support surface,
which over time, may cause PUs.>> The back of the head is
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Frequent repositioning of patients has been shown to
reduce the risk of PUs, but a typical question in this regard is
how often one needs to reposition a patient on a certain sup-
port surface.® This problem becomes even more compli-
cated in operation rooms (ORs). During surgery, it is
difficult, dangerous, and, in many cases, impossible to repo-
sition. Various limitations on repositioning or the ability to
move patients in general may exist, such as with regard to
the required body posture during operation, mechanical
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ventilation, and connection to other life-support equip-
ment.”® Head positioning, specifically, is required for
maintaining midline and/or the chin upwards, for immediate
access to the airways in an anaesthetised, ventilated patient,
as well as for the distribution of head loads at the occipital
region in the supine posture.®*

Common positioning techniques that nursing teams are
employing often include the use of items that are not specifi-
cally designed for the purpose of therapeutic positioning,
such as rolled towels and blankets that flatten and will not
maintain a set position, and may also heat up.® Dedicated
head supports also exist. Medical claims presented by manu-
facturers of such products often refer to reduction of the
occurrence of PUs in scalp tissues and the ears; however,
quantitative assessments of the biomechanical or clinical
efficacies of commercial head supports are overall poor.

Donut-shaped gel head supports are one such specific
medical device, which is commonly used in adult and paedi-
atric surgery to protect the occipital scalp tissues in the OR,
during recovery from surgery or in intensive care units
(ICUs) by so-called “off-loading” the occiput, that is,
shifting the head-weight forces from the central occipital
region to other more peripheral head regions. A more mod-
ern head positioner technology is the fluidised positioner
(Z-Flo by Molnlycke Health Care, Gothenburg, Sweden),
which is made of a viscoelastic material with shape memory
properties. Our published research and Barakat-Johnson
et al's work demonstrated that the fluidised positioner is con-
siderably more effective in alleviating superficial and inter-
nal soft tissue loads at the back of the head compared to a
simple medical foam,lo’11 however, we did not evaluate the
commonly used donut-shaped products. This study builds
upon our published work'® and determines, for the first time
in the literature, the magnitudes and distributions of occipital
soft tissue loads while using donut-shaped gel head supports
against the fluidized positioner and a foam support. For
this purpose, three-dimensional
(3D) anatomically realistic finite element (FE) model of an
adult head and related computational methodology of analy-
sis, which is consistent with our previous work.'”

we have used our

2 | METHODS

2.1 | Geometry

To determine the magnitudes and distributions of mechani-
cal loads that are formed in the soft tissues of the back of the
head while in contact with a donut-shaped gel head support,
compared to the medical foam and Z-Flo positioners
analysed in our earlier published work, we employed our FE
modelling framework and computational methodology as
previously reported.'® Briefly, this 3D anatomically realistic

P WiLEy- L=

Key Messages

e a donut-shaped gel head support is meant to
reduce the occurrence of pressure ulcers in scalp
tissues

e to investigate the effects of donut-shaped gel
head support on scalp tissues, we have used our
anatomically realistic computational model of an
adult head

e the donut-shaped gel head support imposes the
head-weight forces to transfer through a relatively
narrow ring of scalp tissues

e the highly distorted and deformed tissues at that
ring are at a high risk for injury

adult head modelling framework (Figures 1-2) was built
based on the Visible Human (male) Project image data-
base.'? Tissues in each transverse slice of this head model
were segmented and then unified to create the 3D head
reconstruction, using the Scan-IP module of the Simpleware
segmentation software package.'® Although the anatomical
details of the brain, sinuses, optic nerves, and other soft tis-
sue structures which are present within the skull have been
included in the modelling for completeness, they do not
influence scalp tissue loads other than applying gravitational
(tissue weight) forces. Hence, we do not provide information
regarding mechanical behaviour and properties of soft tissue
structures that are contained in the skull hereinafter. The
dimensions of the head in our modelling were 16.5 cm ear-
to-ear and 21.5 cm occiput-to-forehead.'?

A donut-shaped gel head support was further added to the
modelling to support the above virtual head reconstruction.
The donut-shaped gel head support was also reconstructed by
means of the Scan-IP module of Simpleware. We modelled a
generic donut-shaped gel head support representative of
many gel-made commercial products that are commonly used
in clinical practice, with height of 5 cm and outer and inner
diameters of 20 cm and 10 cm, respectively.

2.2 | Mechanical behaviour and properties of
model components

The mechanical behaviour and properties of the skin and fat
tissues of the scalp and those of skull bone were adopted
from literature reports. Specifically, the skull was assumed
to be isotropic and linear elastic with an elastic modulus of
6484 MPa and Poisson's ratio of 0.2.'"* Skin and fat were
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assumed to be homogeneous, isotropic, nonlinearly elastic,
and compressible materials, which undergo large deforma-
tions under the weight of the head. Accordingly, each of
these tissue types was represented by the Mooney-Rivlin
constitutive model:

G 2
W= —3)+Gan+§(an)2, (1)

where W is the strain energy density, /; is the first invariant
of the right Cauchy-Green deformation tensor, J is the deter-
minant of the deformation gradient tensor, G is the shear
modulus, and A is Lamé's first parameter that can be
converted to the other commonly used elastic properties
reported in Table 1, namely, the elastic modulus E (Equa-
tion 2), the bulk modulus K (Equation 3), and Poisson's ratio
v (Equation 4), as follows:

G(32+26)
E=2T ) 2
1+G @)
2
K:l+g, (3)

FIGURE 1 Model geometry: A, side
(left frame) and frontal (right frame) views
of the head model, with magnification of
the tissues at the back of the head (zoom-
in from the left frame). B, Mid-sagittal
cross section through the head model (left
frame) and its three-dimensional
reconstruction when supported by the
donut-shaped gel head support (right
frame); a magnification of the finite
element mesh shows meshing at the
occipital scalp region (zoom-in from the

left frame)

A
= 4
’T20+6) “)

The mechanical properties of the gel material of the
donut-shaped gel head support were measured in our labora-
tory through indentation tests conducted using an electrome-
chanical testing apparatus (Instron Model 5944, Norwood,
Massachusetts). Given the well-known viscoelastic nature of
gels used in PU prevention equipment, we focused on the
long-term elastic gel properties. For the tested gel material,
the long-term properties have been achieved in our experi-
ments after approximately 2 minutes of the ramp-and-hold
indentation protocol (as explained below). This duration is
remarkably shorter than any possibly relevant real-world
surgical procedure prior to which the head is positioned in
clinical practice. Hence, the long-term gel properties were
used for the quasi-static FE analyses. A spherical rigid
indenter with radius R = 3 mm was mounted on the load cell
of the testing machine for spherical indentations into the gel
material to a depth 6 = 2.95 mm at a displacement rate of
1 mm/s. We conducted four trials and calculated the mean
long-term relaxation force Fi, which is extracted from the
following relaxation force function F(¢) at time ¢ that is long



KATZENGOLD axp GEFEN m—Wl LEY. 1401

FIGURE 2  Pressure maps measured
under the rested head when positioned on —
a donut-shaped gel head support (as shown

Superior

in the photograph in the top frame and as
further depicted in the top right panel) for
eight different subjects (A-H). The
corresponding model-predicted pressure

distribution at the back of the head for the nght
same configuration is shown in panel (I).
Similarity to the empirical pressure maps,
particularly concerning the highly loaded
site at the inferior head/neck region, is
evident. The orientations of the Inferior
experimental and computational pressure
11 as illustrated in the top right
mapsl are all as illustrated in the top rig (B) ©) Pressiira
ane
P - 8 _ 60
9 7.2 M 54
6.4 48
(D) (E) (F)
[+ 56| | 42
v 4.8 36 w3
v
= 4 |_[30 E
3.2 24
(H) 0
24 18
1.6 12
0.8 | 6
0 0
TABLE 1 Mechanical properties and element data of the finite element (FE) model variants
Shear Bulk Elastic Poisson's Number of
Model component modulus, G (MPa) modulus, K (MPa) modulus, E (MPa) ratio,v (MPa) elements in FE mesh
Skin® 0.0319 3.1794 - - 123 826
Fat"® 0.000286 0.0285 - - 370 572
Skull® - - 6483.6 0.2 169 928
Vertebrae® - - 10 000 0.2 56 799
Donut-shaped gel head support  — - 0.03 0.49 50 543

Linder-Ganz et al."
Sopher et al.'®

°Gefen and Haberman.'”
9Moore et al.'*

°Greaves et al.'®
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enough (approximately 2 min) so that the relaxation force is
plateaued (ie, changes in the measured force did not
exceed 5%):

F(t)=F e +Fyea+F,. ®)

The constants Fy, F> and 7q, 7, are computed from the
best curve fitting to each experimental force-relaxation
dataset, using a Matlab code (MathWorks, Natick, Massa-
chusetts) written for this purpose. The long-term shear mod-
ulus of the donut-shaped gel head support Gy is then
calculated from the long-term relaxation force F;, using the
Hertz contact formulation:

o 3
" 165yVRS

(6)

where ¢ and R are the aforementioned indentation depth and
radius of the indenter, respectively. The calculated long-term
mechanical properties of the gel material of the donut-
shaped gel head support, based on our above experiments,
are also reported in Table 1.

2.3 | Boundary conditions and numerical
method

The boundary conditions in the present FE modelling were
chosen to simulate weight bearing of the head on the donut-
shaped gel head support during supine lying, as occurs, for
example, in ORs. The inferior surfaces of the donut-shaped
gel head support were fixed for all translations and rotations
(Figure 1). We applied a vertical displacement of the mod-
elled head towards the head support, which resulted in a
reaction force of approximately 4 kg.

The aforementioned model geometries were meshed into
FEs using the Scan-IP module of Simpleware. All elements
were of the tetrahedral type; the numbers of elements in each
model component are specified in Table 1. The FE simula-
tions were set up using Preview (version 1.19, University of
Utah, Salt Lake City, Utah),]g’zo’23 24 solved using the
Pardiso FE solver (version 2.5) and post-processed using
PostView (version 1.9.1), which are all modules of the
FEBio software package (University of Utah, Salt Lake City,
Utah).?"** The runtime of each simulation was approxi-
mately 17 hours using a 64-bit Windows 10 Pro-based
workstation with a CPU comprising Intel Xeon E5-2620
2 GHz (two processors) and 64 GB RAM.

2.4 | Validation and outcome measures

For validation purposes, we measured the interface pressures
between the head and donut-shaped gel head support using a
pressure mat (M-flex; Vista Medical Europe B.V., the

TABLE 2
the pressure mapping studies

Subject characteristics for the group of participants in

Participate Gender Weight (kg) Height (m) BMI
a Female 43 1.59 17

b Female 63 1.64 234

c Female 55 1.55 229

d Female 52 1.65 19.1

e Female 54 1.56 222

f Male 70 1.8 21.6

g Male 65 1.8 20.1

h Male 72 1.74 23.8

Netherlands). We repeated these measurements for eight dif-
ferent healthy adult subjects, whose characteristics are listed
in Table 2. These empirical pressure maps are in good agree-
ment with the corresponding model-predicted (calculated)
contact pressure distribution, visually, quantitatively and in
locations of the highest pressure points (Figure 2). Impor-
tantly, all pressure maps—the experimental maps and the
one map generated by the modelling—indicated that the
greatest pressures develop at the inferior head/neck region
(Figure 2).

To analyse internal scalp tissue exposures to mechanical
loads, we calculated the effective and shear (Cauchy) stresses
in skin and fat tissues, separately for each of these tissue
types. The values and volumetric distributions of intensities of
the aforementioned outcome measures were plotted and quan-
titatively compared across the head support cases, consistent
with the methodology of published, robust data analyses
developed by our group for standardised computational effi-
cacy research of PU prevention technologies.'® We further
compared the “total stress concentration exposure” (TSCE)
for a given tissue type across the head support devices. The
TSCE has been defined here as the area bounded between the
corresponding stress curve in Figure 5 and the horizontal
(stress) axis, for the highest quartile of the calculated stress
range (to focus on exposures to elevated or focal tissue
stresses). The aforementioned TSCE has been calculated sepa-
rately for the effective stress curves (TSCE effective) and for
the shear stress curves (TSCE shear).lo’B'27

3 | RESULTS

Distributions of effective and shear soft tissue stresses that
develop in the occipital scalp when the head is resting on a
donut-shaped gel head support are shown in a cross-
sectional view (Figure 3) and in views of the back of the
head (Figure 4), depicting skin stresses (top frames in
Figure 4) and subcutaneous fat stresses (bottom frames in
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FIGURE 3 Effective stress
distribution on the skin of the scalp
through a cross-sectional view when the
simulated head is rested on a donut-shaped
gel head support

Figure 4; skin tissue has been artificially removed to depict
fat stress patterns). Skin tissue stresses were at the scale of
zero to 4 kPa, whereas fat tissue stresses were at the
0-0.5 kPa range (Figures 3 and 4). Stresses in skin and fat
are shown to form in a roughly circular shape and to the
peak at the inferior head/neck region, with evident focal tis-
sue distortions caused by contact with the “step” in the
donut-shaped gel head support (Figures 3 and 4). Skin tissue
is generally subjected to greater stress values than fat
(Figures 3 and 4).

A comparison of the volumetric tissue exposures to
stresses in the occipital scalp across the donut-shaped gel
head support, Z-Flo fluidized head positioner, and standard
medical foam is presented in Figure 5.

For skin tissue, the volumetric exposure to stresses was
the lowest, and for all stress levels, when the head was rest-
ing on the fluidized head positioner (Figure 5). The greatest
exposure to tissue stresses, particularly to the high (and there-
fore dangerous) stress domain, was caused by the donut-
shaped gel head support (Figure 5A,B). The medical foam
was more protective against stress exposure than the donut-

4

3.6

3.2 —

28 —

24 —

Stress [kPa]
N

16 —

1.2 —

0.8

0.4

shaped gel head support, but was considerably less protective
than the fluidized head positioner (Figure 5A,B).

For fat tissue, differences between volumetric stress
exposures across the different head support cases were
mostly apparent for the high-stress (hazardous) levels
(Figure 5C,D). The fluidized positioner was again associated
with the lowest stress exposure, in contrast to the donut-
shaped gel head support, which caused the greatest stress
exposure in fat (Figure 5C,D).

Consistent with the above results, the values of the
TSCE-effective and TSCE-shear measures of scalp tissue
stress exposure calculated for the fluidized positioner were
zero for both the skin and fat layers of the occipital scalp.
Further corresponding to the above data (shown in
Figure 5), the TSCE-effective and TSCE-shear values for
the donut-shaped gel head support were the greatest for skin
and fat (Figure 6).

Taken together, the TSCE measures have demonstrated
that the donut-shaped gel head support functions worse than
simple medical foam (in three out of the four TSCE stress
exposure measures). Based on this TSCE analysis, the
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fluidized positioner was not even at the same scale of stress-
exposure-associated risk to scalp tissue health (Figures 5
and 6).

4 | DISCUSSION

Donut-shaped gel head supports are typically made of gel
materials and are used to protect the head, neck, and ears
during motionless treatments by off-loading the occiput,
often in the OR during surgical procedures conducted in
supine patients, as well as during recovery from operation or
in the ICU.*? In the present work, we compared the state of
mechanical loads in scalp tissues of the occipital region

FIGURE 4 Effective (left column)
and shear (right column) stresses on the
skin (A,B) and subcutaneous fat (C,D)
when the simulated head is rested on a
donut-shaped gel head support

28 —

24 —

Stress [kPa]

04

035 —

03 —

Stress [kPa]

while using a donut-shaped gel head support, a Z-Flo head
positioner, or a standard medical foam support for the same
virtual adult head using our FE modelling framework, which
was validated against pressure mapping. Our results demon-
strated that a standard, flat medical foam is more successful
than a donut-shaped gel head support in dispersing scalp tis-
sue loads, but the foam is still limited in conformability rela-
tive to the Z-Flo fluidised positioner. Of all the three tested
head supports, the Z-Flo maximises head envelopment, and
hence, the head contact area, resulting in the lowest exposure
to surface and internal scalp tissue stresses.

Although the donut-shaped gel head support is designed
to avert tissue loads away from the occiput and disperse
them to the surroundings, in practice it fails to do so. In fact,
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FIGURE 5 Cumulative (A) (B)
percentage of skin (A,B) and 100 100
= Donut
subcutaneous fat (C,D) exposures 90 90 Medical foam
to effective (left column) and m Z-flow positioner
shear (right column) stress levels 80 80
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the donut-shaped gel head support imposes the head-weight
forces to transfer through a relatively narrow ring of scalp
tissues, which is highly distorted and deformed, hence
increasing the risk of developing occipital PUs in ORs where
this type of device is being used (Figures 3 and 4). It appears
that the curved (geometrically irregular) “step-shaped” supe-
rior surface of the donut-shaped gel head support is causing
these stress concentrations in scalp tissues.

Levy et al (2017) simulated tissue stresses in the scalp
of a newborn lying supine on a donut-shaped gel head
support. They showed that the use of the donut-shaped
support is associated with elevated stress exposure of scalp
tissues, particularly due to localised shear stresses that
result from the off-loading.>> Their work focusing on the
head agrees with patient guides and clinical practice guide-
lines where it is strongly recommended not to use ring
cushions, which, in fact, increase the risk for sitting-
acquired PUs. 2%’

As in all in silico modelling studies, there are some limi-
tations to note. First, we do need to mention that the specific

Stress [kPa]

mechanical state of the scalp tissues is determined by the
particular geometrical design and mechanical properties of
the material of a given donut-shaped gel head support. The
selections made in this work do not represent the entire vari-
ety of commercially available device designs, and their inter-
actions with all possible head sizes and shapes. Additionally,
in some cases, donut-shaped gel head supports are designed
to have a contoured top surface, rather than a round top
curve, or even a “centre dish” designed to conform around
the occipital region and provide extra support there. The
aforementioned variant designs, which offer a potentially
increased head contact area, may perform better in terms of
scalp exposure to sustained internal tissue loads, but this
would require additional research to determine. Second, we
can presume that the level of geometrical fit between the
device and the patient-specific occipital shape is also an
important factor in this biomechanical problem. Accord-
ingly, non-adjustable donut or other fixed-shape supports
may induce injury risks depending on the extent of the mis-
match in the head-support fit at each individual patient case.
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Third, and related to the previous point, it is also worth not-
ing that the head anatomy used in our present modelling
(which has been acquired from the male Visible Human
database) has subject-specific anatomical features such as a
sturdy neck (ie, each potentially selected head anatomy
would be different). This sturdy neck resulted in the rela-
tively high and concentrated pressures calculated at the neck
of our virtual subject (Figure 2i). However, in all the empiri-
cal pressure maps acquired from subjects with a variety of
neck structures—both males and females—the same phe-
nomenon of high pressures concentrated at the neck has
been consistently observed (Figure 2). Accordingly, the high
pressure points at the neck are not only due to the sturdy
neck of the person used for our modelling, but are also asso-
ciated with the posture of any neck on the donut-shaped gel
head support. The last point, which is a potential limitation
of our work, is that the mechanical properties assigned to the
tissues in the modelling are adopted from animal studies

LL

Shear stresses

L

Shear stresses

FIGURE 6 Comparisons of total

. tissue stress concentration exposures
Medical foam (TSCE) derived from the histogram curves
in Figure 5, per tissue type, that is, skin
(A) or fat (B), and for each stress measure,
that is, effective (left bars) or shear (right
bars). The TSCE for a given tissue type in
the scalp has been defined here as the area
bounded between the corresponding stress
curve in Figure 5 and the horizontal
(stress) axis for the highest quartile of the
calculated stress range (to focus on
exposures to elevated or focal tissue
stresses). All TSCE values were zero for
the Z-Flo head positioner (ie, for both skin
and fat and for effective as well as shear
stress data) [Correction added on 6 January
2020, after first online publication: Figure
6 has been updated in this version.]

because of the lack of specific literature describing human
scalp tissue properties under sustained, quasi-static loading
conditions as relevant to PU research. Furthermore, the head
anatomy and the biomechanical properties of tissues repre-
sent healthy conditions, and do not account for pathologies
such as existing wounds, scars, abnormally fragile, diabetic,
or otherwise unhealthy skin, which is characteristic to an
end-of-life stage or to inherited diseases such as
epidermolysis bullosa. With all that said, many surgical
patients would have healthy scalp tissues (that will still
require protection during surgery in a supine posture), but
for aged, fragile, or unhealthy scalp tissues, breakdown is
expected to occur sooner or under lower sustained deforma-
tions and stresses.

In conclusion, we have employed a biomechanical
modelling framework, which was originally developed by
our group'® for evaluating adult head supports that are often
used in the OR, during recovery from surgery or in intensive
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care, and possibly in other medical settings as well. We
found that the donut-shaped gel head support, which is
meant to reduce the risk of PU formation, may actually
increase it.
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