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Abstract

Head-of-bed (HOB) elevation is a common clinical practice in hospitals causing the
patient's body to slide down in bed because of gravity. This migration effect likely
results in tissue shearing between the sacrum and the support surface, which
increases the risk for pressure injuries. StayInPlace (HillRom Inc.) is a commercial
migration-reduction technology (MRT) incorporated in intensive care bedframes.
Yet, the effects of migration-reduction on tissue shear stresses during HOB elevation
are unknown. We analysed relationships between migration and resulting sacral
soft tissue stresses by combining motion analysis and three-dimensional finite ele-
ment modelling of the buttocks. Migration data were collected for 10 subjects, lying
supine on two bedframe types with and without MRT, and at HOB elevations of
45°/65°. Migration data were used as displacement boundary conditions for the
modelling to calculate tissue stress exposures. Migration values for the conventional
bed were 1.75- and 1.6-times greater than those for the migration-reduction bed, for
elevations of 45° and 65°, respectively (P < .001). The modelling showed that the
farther the migration, the greater the tissue stress exposures. Internal stresses were
1.8-fold greater than respective skin stresses. Our results, based on the novel inte-
grated experimental-computational method, point to clear biomechanical benefits
in minimising migration using MRT.
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1 | INTRODUCTION

Pressure injuries (PIs), also termed pressure ulcers,
severely compromise the quality of life of affected indi-
viduals and can be life-threatening. These wounds, com-
prising deep tissue injuries (DTIs) which are a sub-
category of PIs where tissue damage develops near a bony
prominence under intact skin, form primarily because of
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cell and tissue exposure to sustained deformations which are
typically caused by unrelieved bodyweight forces.** In
supine patients with impaired mobility or sensory functions
(that are either permanent or temporary), the sacral region is
a common site for PIs, including sacral DTIs.>®

A common clinical practice in hospitals—especially
in intensive care units (ICUs)—is to elevate the head-of-
bed (HOB) to at least 30° for lowering pulmonary aspira-
tion and ventilator-associated pneumonia risks,” improv-
ing the hemodynamic stability® or for better comfort.”
However, when hospital beds are articulated to raise the
HOB section as recommended earlier, the body of the
patient will often slide downwards in the bed, because of
the gravity forces pulling the body towards the foot of the
bed. This is a well-known phenomenon, which is termed
here “migration in bed” (MIB).'" Because of MIB, hos-
pital staffs are often required to pull patients up towards
the HOB in cases where these patients cannot reposition
themselves; Vasihadou et al reported that nurses may
need to pull patients up in their bed 10 times per shift.**
MIB can be measured and quantified using a motion cap-
ture system (MCS) which determines the magnitudes of
the displacements of anatomical landmarks in the
patient’s body relative to the bedframe, because of this
gradual sliding motion effect.'” The extent of the MIB
depends on the biomechanical patient-bed interactions
which are specific to the individual (eg, the levels of
immersion and envelopment and the body-support con-
tact pressure distribution), as well as on the specific bed
design and the materials of the clothing and bedsheets."!
The MIB generates kinetic friction and associated fric-
tional forces between the body and the contacting mate-
rials and surfaces (ie, the clothing, bedsheet, and
mattress). Specifically in the sacral region, these frictional
forces cause shearing deformations in the soft tissues of
the buttocks. In extreme cases where the skin is fragile,
visible skin tears may develop.'”> The internal shearing
loads that buildup in tissues as the MIB progresses inten-
sify near the rigid and highly curved sacral bone which
promotes a “stress concentration” effect internally in the
distorted soft tissues.*'® This tissue shearing effect that
occurs between the sharp sacral bone and support is the
primary factor causing the development of a sacral
hospital-acquired pressure injury (HAPI) in patients, on
either ICU beds or conventional hospital beds.**®

From a health care system perspective, such HAPIs
are a major concern, as they radically impact hospital
quality measures, eg, safety of care, patient experience,
and readmissions, as well as expenditures. In the USA
alone, the annual direct costs of HAPIs exceed $26.8-bil-
lion."” The associated indirect costs of HAPISs, eg, on liti-
gation and insurance premia, are also substantial, and
are growing. For example, in the UK, most HAPI cases

Key Messages

 migration in bed because of head-of-bed eleva-
tion results in tissue shearing which increases
the risk for pressure injury

« migration-reduction technology, that extends
the head section of the bedframe and bed sur-
face in unison as the head of bed elevates, was
shown to be effective

« we analysed the relationships between migra-
tion and resulting sacral soft tissue stresses by
combining  motion-analysis and three-
dimensional computer modelling

+ our modelling showed that the farther the
migration, the greater the tissue stress expo-
sures, and hence, there is protective value in
the migration-reduction technology

(80%-90%) are settled out-of-court for approximately
£20 000-£30 000, but are trending upward, with some
cases reaching as much as £1 to £3-million."® Accord-
ingly, from a cost-benefit standpoint, the ideal strategy is
primary prevention of HAPIs. The latest (2019) Interna-
tional Guidelines for Pressure Ulcer Prevention & Treat-
ment elucidates that medical technologies demonstrating
effective alleviation of tissue deformations and distortions
should be beneficial in prophylaxis.*

The StayInPlace bed mechanism (HillRom Inc.,
Batesville, Indiana) is a new migration-reduction technology
(MRT) incorporated in the bedframe, which reduces the
MIB by extending the head section of the bedframe and bed
surface, in unison, as the HOB elevates.!**'? This MRT tech-
nology is an optional feature in commercial hospital beds
such as the Progressa ICU bed system (HillRom). Although
the aforementioned MRT has already been shown to reduce
the MIB in subject trials using MCS methodology,'*"* the
effects of reducing the MIB on sacral soft tissue loads during
HOB elevation are currently unknown.

In the present study, we analysed the complex rela-
tionships between MIB and the resulting sacral soft tissue
stresses, by combining MCS and three-dimensional
(3D) anatomically realistic biomechanical computer
modelling. Specifically, we used digital motion analysis
to calculate the net MIB resulting from elevation of the
HOB to different inclination levels while subjects were
lying in a bed that incorporated MRT, versus a bed with-
out this new technology. Based on these experimental
MIB data, we further developed a novel computational
modelling framework for determining the effects of the
MIB magnitude on the sacral soft tissue stresses.
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2 | METHODS
2.1 | Motion capture measurements

A digital MCS (MotionAnalysis, Santa Rosa, California)
was used to track the location of the trochanter of

il

Time point 1

Time point 2

FIGURE 1 Acquisition of experimental body migration data
in a motion capture laboratory: Markers were placed on the skin of
subjects, as well as on the mattress. The location of each marker
was recorded as the head of bed was elevated to either 45° or 65°
inclination level. The red and green dots depict the location of the
skin markers. The “trochanter migration” was defined along the
length of the bed (x-axis) and was calculated relative to the mattress
as the difference between the initial and final spatial locations of
the markers attached at the trochanter site

TABLE 1
measurements

Gender Height (m)
1.60
1.63
1.65
1.65
1.75
1.70
1.75
1.77
1.80
1.85
Mean 1.72
SD 0.08

2 222" mm

P wWiLEy- L =

subjects who were lying supine on a mattress, with
respect to the position of the mattress. The motion track-
ing was performed continuously during multiple tests
(as detailed in the following), to calculate the net MIB
during elevation of the HOB. Markers were placed on the
skin of subjects, as well as on the mattress. The location
of each marker was recorded as the HOB was elevated.
The MIB was calculated for each subject relative to the
mattress, as the difference between the initial and final
spatial locations of the markers attached at the trochan-
ter site, along the length of the bed (x-axis) as described
by Kotowski et al'® (Figure 1).

2.1.1 | Participants

A convenience sample of 10 healthy subjects (five males,
five females) participated in the study. All subjects pro-
vided their informed consent, and the protocol and
informed consent form were reviewed by the
IntegReview (Austin, Texas) Institutional Review Board
(IRB approval no. ERGO-2019-01). The body characteris-
tics of all participants are reported in Table 1. The
bodyweight of participants ranged between 62 and 144 kg
(median = 86 kg) and their height was 1.60-1.85 m
(median = 1.73 m). Hence, the body mass index (BMI) of
participants ranged between 24.3 and 41.8 kg/m’
(median = 30.6 kg/m?).

2.1.2 | Protocol

An experiment session involving a specific subject was
divided into four tests, in which participants were lying
on one of the two bed types (MRT bed or a conventional

Gender (F = female, M = male), height, weight, and BMI data of the 10 subjects who participated in the motion capture

Weight (kg) BMI (kg/m?)
62.1 24.3
81.2 30.7
68 25.0
98 35.9
74.8 24.4
88.5 30.5
83.9 27.3

115.2 36.7

102.1 31.4

143.8 41.8
91.8 30.8

243 5.9
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bed) as the HOB was raised to either 45° or 65°. Each test
was repeated twice, which formed a total of eight tests
per participant (two bed types, two HOB angles, and two
repetitions). The MIB of each subject, per each test condi-
tion, was determined based on the MCS data as explained
earlier.

2.1.3 | Statistical analyses of the
experimental data

We used a two-way analysis of variance for the factors of
(a) bed type and (b) HOB elevation in order to identify
potential significant differences in the extent of MIB
between the experimental conditions. Tukey pairwise
comparisons were followed, to identify the specific com-
bination of conditions affecting the MIB. A P < .05 was
considered statistically significant.

2.2 | Finite element model

2.21 | Geometry

To examine the effects of the extent of MIB on the
resulting soft tissue stresses near the sacrum, a 3D ana-
tomical model of the buttocks, previously developed and
experimentally validated by our group, has been used
here.'®?° This anatomical model is based on 76 magnetic
resonance imaging slices of the buttocks of a 28-year-old
healthy woman, which were segmented to pelvic/sacral
bony structures versus soft tissues, and then 3D-
reconstructed using the Synopsys' Simpleware software
package (Synopsis Inc, Mountain View, California). A
4-cm-thick standard medical foam mattress has also been
generated and was located under the buttocks (Figure 2A).

2.2.2 | Mechanical properties of model
components

Constitutive laws and mechanical properties of the tissue
components and the mattress were adopted from the liter-
ature. Specifically, the sacral bone was assumed to be a
linear-elastic isotropic material with elastic modulus of
7 GPa and a Poisson's ratio of 0.3.>'* The soft tissues were
assumed to be nearly incompressible (Poisson's ratio of
0.49) non-linear isotropic, with their large deformation
behaviour described by an uncoupled Neo-Hookean model
with a strain energy density function W (Equation (1)):

Gins 1
w==r (M2 + 222+ 22 =3) + EK(ln(]))2 (1)

(A)

Soft tissues
Sacral bone

Bodyweight

FIGURE 2 Geometry and boundary conditions applied to the
computational model. A, The buttocks, deformed by the
bodyweight during supine lying, incorporates a stiff sacral bone
which distorts the soft tissues in its vicinity as the body migrates on
the mattress, along the spinal (x-axis) direction. B, The volume of
interest of the soft tissues surrounding the sacrum, for
computational analyses of deep soft tissue exposure to stress

where Gj, is the instantaneous shear modulus (2 kPa),
A(i = 1, 2, 3) are the principal stretch ratios, and K is the
bulk modulus (1 kPa) and J = def(F) where F is the defor-
mation gradient tensor.

Specifically, the material constants reported by
Oomens et al** were used to calculate an effective soft tis-
sue instantaneous shear modulus G;j,s comprised of 60%
skin and 40% fat, as in our previous publications of this
modelling.*>** The mattress was considered as an isotro-
pic linear-elastic material, with an elastic modulus of
50 kPa and a Poisson's ratio of 0.3, likewise based on lit-
erature and consistent with our previous published
work.?>28

2.2.3 | Boundary conditions

A downward displacement of 5 mm and horizontal dis-
placements of 0, 4, 8, 12, and 16 cm were applied on the
top surface of the model to simulate the descent of the
weight-bearing sacrum because of gravity and the MIB
resulting from HOB elevation, respectively (Figure 2A).
The above-simulated MIB range included values that
were experimentally measured using the MCS, with an
addition of approximately 6 cm to account for any poten-
tial cases of more slippery support surfaces or clothing,
or, possibly, greater HOB elevations than those set in our
experiments. With regards to the latter point, it should be
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mentioned that patients often also slide in bed over time
without HOB elevation, which has been termed “passive”
MIB.'? A total reaction force of 40 N was obtained in all
simulations; this force represented approximately 7% of
the total bodyweight of the subject which were assumed
to be transferred through the restricted modelled portion
of the pelvic region that envelops the sacral bone, as
detailed in our published work?® (Figure 2). Comparisons
between all simulation cases were therefore conducted
under the same (7% bodyweight) boundary conditions for
consistency of outcome measures.”® Other boundary con-
ditions that applied (identically across all simulation
cases) were as follows. The bottom surface of the mattress
was fixed for all motions, and tied interfaces were defined
at the bone-soft tissue boundaries. Frictional sliding was
defined between the buttocks and the mattress, with the
coefficient of friction set to 0.35.2%%°

2.2.4 | Numerical method

Meshing of the model components (soft tissues, sacral
bone, and mattress) was performed using the ScanIP
module of Simpleware (Synopsis Inc). Four-node linear
tetrahedral elements were used in all model compo-
nents. Finer meshes were used locally in specific regions
where bony curvature is higher, or where soft tissues
are known to be at a risk for a DTI, ie, near the sacral
bone. The meshed model included approximately
500 000 elements.

The finite element (FE) simulations were set up using
PreView of FEBio (Ver.1.19.0, University of Utah, Salt
Lake City, Utah), analysed using the Pardiso linear solver
of FEBio (Ver.2.5.0), and post-processed using the Post-
View module of FEBio (Ver.1.10.2).*° The runtime of
each model variant ranged between 2 and 9 hours using
a 64-bit Windows 10-based workstation with an Intel
Core i9-7900X 3.30 GHz CPU and 64 GB of RAM.

2.2.5 | Biomechanical outcome measures
Sliding in bed is directly related to shear stresses in skin
and deeper soft tissues. Hence, we chose to specifically
analyse shear stresses in superficial and deep soft tissues
near the sacrum. However, for completeness, and in par-
ticular to account for the compressive and tensile stress
components that also apply, we further calculated the
effective stresses o, in soft tissues, which are defined as
follows (at each tissue point):

6e=1\/0%+0?—0c 01+ 307

(EQ.2)

P WiLEy-L =

where 6., 6, and o, are the compressive, tensile, and
shear stress components, respectively.

We analysed and compared average shear and effec-
tive stresses in two volumes of interest (VOIs) of soft tis-
sues near the sacrum: (a) a 3-mm-thin skin region of
270 x 170 mm, projected directly under the sacral bone
and cantered at approximately the lowest point on the
surface of the sacral bone, and (b) the skin (in the former
VOI) and additionally deeper soft tissues contained in a
block under the sacrum which was cantered as explained
earlier (65 mm X 75 mm X 14 mm) (Figure 2B). The two
aforementioned VOIs represented superficial and deep
soft tissues under the sacrum, respectively, for analyses of
their exposures to stresses depending on the MIB level.
Accordingly, we compared volumetric exposures of soft
tissues to elevated shear and effective stresses using stress
exposure histogram charts, where the distribution of
stress magnitudes in each VOI is presented.

3 | RESULTS

3.1 | Motion capture data

The trochanter migration values for the conventional bed
were 7 + 2.7 cm (mean + SD) and 7.5 + 3.7 cm, for the
HOB elevation levels of 45° and 65°, respectively. For the
MRT bed, however, these values were significantly lower,
being 4.0 + 1.9 cm and 4.7 + 1.6 cm for HOB elevations
of 45° and 65°, respectively (Figure 3; P < .001).

10 *

Trochanter migration [cm)]

HOB 45° HOB 65° HOB 45° HOB 65°
Conventional bed

MRT bed
technology

FIGURE 3 The average trochanter migration in a
conventional bed versus that in a migration reduction technology
(MRT) bed, for head-of-bed elevation of 45° and 65°. The MRT bed
significantly reduced the extent of migration in bed with respect to
the conventional bed technology. *P < .001, N = 10 subjects, two
repetitions were conducted for each subject trial; error bars are

the SEs
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3.2 |

The present FE simulations demonstrated considerable
soft tissue stress concentrations under the sacral bone for
both the effective and shear stresses, and these stresses
increased as MIB increased (Figure 4 and video provided
in the Supplementary Materials). Near the skin surface,
the magnitude of shear and effective stresses increased as
MIB increased, as did the volume of skin tissue subject to
elevated stresses (Figure 5). For the second VOI inclusive
of the deeper tissues under the sacrum, increasing MIB
was associated with increased effective/shear stresses and
greater volume of soft tissues at elevated stress concentra-
tions (Figure 6). The magnitudes of internal tissue shear
stresses were on average 1.8-fold greater than the respec-
tive shear stresses on skin (Figures 5 and 6).

4 | DISCUSSION

In the present study, we used a digital MCS to calculate
the net MIB resulting from elevation of the HOB to

FIGURE 4 Shear stress
distributions on the surface (skin) of the
buttocks model as the body migrates
farther on the mattress (dimensionless
time units)

[Pa]
500

400 —

300

200 ©

100

different inclination levels (45° or 65°) while subjects
were lying in a bed that incorporated MRT versus a con-
ventional bed (Figure 1). Our data demonstrated that the
trochanter migration values for the MRT bed were signif-
icantly lower than for the conventional bed, and that an
HOB inclination of 45° yielded lower MIB than inclina-
tion of 65° (Figure 3), which was in agreement with pub-
lished work.'**3

Kotowski and Davis used an MCS to study potential
factors that impact the MIB.>’ Among the factors
analysed in their work, namely the bed type (technology),
HOB elevation level, the number of sequential bed articu-
lations, gender, body height, and body mass, the bed type
and HOB elevation level were found to be substantially
more influential than the gender and body habitus. This
recent publication thereby supports the generalizability
of our present MIB findings. In addition, Sopher and col-
leagues discussed the World Health Organisation (WHO)
definition of the “healthy” BMI range, and noted that the
‘healthy’ WHO BMI range does not necessarily apply
globally, ie, across different countries.*® For example, the
BMIs of the healthy population in Singapore may be
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lower than the WHO definition of ‘healthy’ whereas in
the South and Midwest parts of the US, the BMI distribu-
tions of populations are shifted to the higher domains. In
fact, large-scale Center of Disease Control studies of the
US population found that only 1 of 3 Americans has a
‘healthy’ BMI and 1 of 3 is obese; the BMI for the “aver-
age” adult American male is 28.6, which is above the
WHO ‘healthy’ range.** Hence, although the majority of
our subjects were overweight as per the WHO definitions,
the group was definitely representative of the US adult
population in terms of bodyweights.

Based on the experimental MIB data, we further
developed a novel computational modelling framework
for determining the effects of the MIB on sacral soft tissue
stresses. Our computational modelling results showed
that the farther the MIB, the greater the surface and volu-
metric tissue stress exposures (Figure 4). Although this
relationship is intuitive, this research is the first to inves-
tigate and quantify this effect. Specifically, we showed
that during MIB, internal tissue shear is, on average,
1.8-fold greater than the surface (interface) shear, which
implies that MIB substantially increases risk for a sacral
DTI***° (Figures 5 and 6). Although the increase in both
shear and effective stresses because of increased MIB

(between displacement levels of 0, 4, 8, 12, and 16 cm) is
small as a percentage of baseline values, the conse-
quences may be significant. The patient exposure to these
stresses is cumulative over days and a modest increase
can make the difference between non-injury and an
HAPI outcome in fragile individuals.>*’

The present computational results are in agreement
with previously published work of the authors with
regards to sacral soft tissue stresses developed in a supine
position, in the context of prophylactic sacral dressing
studies.'®*>**2° Taken together, the body of literature
suggests that MRT beds and biomechanically effective
prophylactic dressing technologies may complement each
other in protecting the sacral area, and this could be a
topic of future work.

At-risk patients are more exposed to HAPIs initiated
or exacerbated because of MIB. Such individuals are, for
example, mechanically ventilated patients who need sub-
stantial HOB elevation to improve respiratory function,
improve hemodynamics, and lower their risk of develop-
ing pneumonia.”***' Elevation of the HOB in such venti-
lated patients increases the loading on the sacral area*>*
but every individual will experience different tissue loads
depending on their anatomy and tissue composition and
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architecture. Moreover, the presence of any pat-
hoanatomical and pathophysiological factors (of any
kind) will interact differently with MIB-induced tissue
shear in different individuals, as it has been established
now that there is no “universal” injury threshold.*** For
that reason, future work should incorporate other at-risk
anatomies, such as atrophied (bony), cachectic, and obese
body structures.

The mobility of the individual is an important consid-
eration affecting the buildup of shear stresses in soft tis-
sues near bony prominences during MIB, as
demonstrated in the present work. If a patient can self-
adjust or relief soft tissue loads by self-repositioning,
then, even if they cannot pull themselves back up in the

bed, the detachment of contact between the skin and bed
may be sufficient for “resetting” the shear forces, and
therefore, much of the internal tissue stresses. In previ-
ous modelling of posterior heel loads of a patient who is
sliding in bed, we found indeed that alleviating tissue
shear by repositioning the heels after elevating, the HOB
is critical for limiting the increase in tissue stresses and
the subsequent risk of HAPIs.?’

Computer modelling inevitably involves assumptions
and simplifications. In order to facilitate direct compari-
sons between different extents of MIB, we have omitted
some anatomical details and did not consider anatomical
variants, which, as explained earlier, could potentially
intensify the shear stresses in sacral soft tissues but would
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require additional numerical complexity and computing
power to represent. The 3D model used here was previ-
ously developed and experimentally validated by our
group in Levy et al'® and Levy and Gefen.? This applica-
tion of this model in the current study is further limited
to the initial tissue response to MIB, ie, it does not con-
sider the stress relaxation which is expected at the
deformed tissues, with individual time characteristics
that would again depend on age, tissue composition, and
health status.

In conclusion, based on digital MCS analysis, we
demonstrated that MRT beds can significantly reduce the
MIB resulting from HOB elevation. In addition, we have
used a state-of-the-art biomechanical modelling frame-
work for evaluating the effects of minimising the MIB on
alleviation of sacral soft tissue stresses. This new inte-
grated quantitative experimental-computational method
points to the strong prophylactic benefit in minimising
the MIB, particularly using the MRT technology embed-
ded in the bedframe, which is shown here to reduce the
biomechanical risk for HAPIs.

5 | INMEMORIAM

The authors N.W. and A.G. wish to honour the mem-
ory of the late Dr Charlie Lachenbruch, a friend and
colleague of ours who, as Chief Scientist at HillRom,
envisioned this work, but passed away before its reali-
sation. We know that Charlie, a world-renowned
expert of medical support surface technology, would be
happy to see this study come to fruition and our
research collaboration continued, to reduce the inci-
dence of PlIs.
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