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Table 4 Univariate analysis of risk factors for skin change development
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Risk factors Skin changes (n=20) No skin changes (n=151) P-value
Total means sacrum temperature (°C), mean £ SD 386+ 0.7 3844+ 0-8 0.331
Total means sacrum moisture (au), mean = SD 45.84+19.8 49.3+17-3 0-464
Total means umbilicus temperature (°C), mean £ SD 376+ 09 377+ 0.9 0-5670
Total means umbilicus moisture (au), mean+ SD 38.8+£18:6 44.9+17-4 0-197
Total difference skin temperature (°C), mean = SD” 09+ 06 06+ 08 0-071
Total difference sacrum moisture (au), mean £ SD™" 6-9+18.1 43+19.0 0-615
Total maximum interface pressure {(mmHg), mean £ SD 42.5+21.6" 29.8411.2% 0-077
Total mean room temperature (°C), mean 4 SD 2964+ 15 298+ 1.5 0-451
Total mean room moisture (%), mean £ SD 684+ 7.9 66-4+ 57 0-255
Total mean body temperature (°C), mean & SD 37.0+ 05 369+ 0.7 0-537
Total mean pulse, mean+ SD 82.6+ 9.9 789+ 16.5 0-357
Total mean systolic blood pressure (mmHg), mean & SD 131.56+341 136.24+28.9 0-652
Total mean diastolic blood pressure (mmHg), mean £ SD 85.6+21.0 86.1+18.9 0.927
Total mean respiratory rate, mean & SD 2244+ 4.3 233+ 4.8 0.480

"Total difference temperature = (mean sacrum temperature) — (mean periumbilical temperature).
**Total difference moisture = (mean sacrum moisture) — (mean periumbilical moisture).

th=13.
*n=20.

Table5 Muitivariate analysis of risk factors for skin change development

B P-value  Exp(B) 95% ClI
Type of sheet ~2.194  0-083 0111 0.012-1.032
Total mean Braden score  —1.067  0-000 0-347  0-206-0-585
Constant 13.620  0-000 8.228

Corneometer has been known as a gold standard in mea-
suring skin hydration; however, we are unable to demonstrate
the role of skin moisture in the development of pressure ulcers
and superficial skin changes. This is because the average room
temperature was higher as 30°C and the average room humid-
ity was 60%, which lead to high perspiration on sacrum area
in both groups. It was reported that highest hydration values
reduce the sensitivity of capacitance method (45). However,
Bates-Jensen et al. (25) and Guihan et al. (46) confirmed that
increasing subepidermal moisture is an early sign of develop-
ment of pressure ulcers.

Role of bed sheet

Pressure ulcers and superficial skin changes occurred in 28%
of patients (n =20). Of these, 85% (n =17) used a standard
hospital sheet made of 100% cotton, whereas 15% (n=3)
used a synthetic fibre sheet (P =0-089). The synthetic fibre
sheet has three layers: the first layer, which has direct contact
with the skin, has permeability to absorb and send moisture to
the second layer, while the second layer has a diffusion ability
to distribute excessive moisture to the third layer, which then
retains it.

According to Derler et al. (47), a sheet of synthetic fibre
can reduce the coefficient of friction three fold compared with
a standard hospital sheet. Textiles play at least three roles in
maintaining a favourable microclimate between the patient’s
skin and the support surface: wicking away perspiration,
reducing heat insulation and reducing the coefficient of friction
(48,49). Thus, textiles have a role in the prevention or

formation of pressure ulcers and other superficial skin changes
(29,31).Using the backward mode, we found the remaining
two predictor variables. The odd ratio was 0-111 for a fibre
sheet, meaning that patient who uses a standard hospital
sheet has a higher risk for the development of pressure
ulcers and superficial skin changes. Thus, the combination
of a proper support surface and a favourable bed sheet
could effectively prevent pressure ulcers and superficial skin
changes.

Subscale friction and shear scores were significant in the
clinical setting. We found that subscale friction and shear
scores for the group with pressure ulcers and superficial
skin changes (1-240-4) were significantly lower than those
for the group with no skin changes (2-040-2) (P = 0-000).
A management approach that considers friction and shear
may involve using an appropriate technique for turning and
repositioning the patient and using a favourable support
surface sheet that can control the microclimate and reduce
the coefficient of friction.

Study limitations

During the study, many participants dropped out as a result
of medical conditions (such as getting worse, unable to turn-
ing lateral, pain), medical procedures (such as postoperative
procedure, transferred to intensive care unit, haemodialysis
schedule) or personal choice. Moreover, the limitation of time
by the protocol of measurement between 8:00 am and 12:00
AM made it possible to measure parameters in only 23 partic-
ipants a day. High humidity (60—80%) and high temperature
(£30°C) in the ward stimulated perspiration, making the mea-
surement of skin moisture difficult. In addition, because of
device problems, we only obtained interface pressure data
from 33 participants, so that they were not entered in a
stepwise-reduction of logistic regression analysis, which made
us unable to evaluate the relationship between pressure ulcer
development and interface pressure.

© 2013 The Authors
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Implication in clinical practice

Our findings will be useful in a clinical setting because these
measurements were not serial observations, meaning that the
monitoring of skin temperature can be performed at one time
point using a comparison with another site.

In our results, 45% of wounds were superficial skin changes
and 47-8% were located in the lower sacrum (buttocks, intert-
riginous of gluteus). This finding reinforces the paradigm shift
from a pressure ulcer problem to more widespread problems
(superficial skin changes) and from bony prominence prob-
lems to whole buttock problems.

In addition, total skin temperature differences were
marginally significant compared with the control site. Thus,
skin temperature can be useful for detecting the early signs
of any skin changes. This quantitative measurement is more
reliable than a subjective evaluation and is also useful for
patients with dark skin tone, in which the presence of ery-
thema is sometimes difficult to evaluate. The evidence from
this study suggests that skin temperature can be useful as a
predictor measurement in order to establish preventive care.

Conclusion

Increasing skin temperature can be used as a quantitative
measurement to predict the development of pressure ulcers
and superficial skin changes and to evaluate support surface
capability against microclimate factors. In addition, the use of
a synthetic fibre sheet has the potential to control microclimate
conditions between the patient’s skin and support surface,
which can reduce the development of pressure ulcers and
other superficial skin changes. Finally, we can conclude that
increasing skin temperature as a microclimate variable has
a relationship with the development of pressure ulcers and
superficial skin changes. Conversely, the type of bed sheet
has a role in maintaining a favourable microclimate to prevent
skin changes.
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Abstract

Pressure ulcers are characterized by chronicity, which results in delayed wound healing due to pressure. Early intervention
for preventing delayed healing due to pressure requires a prediction method. However, no study has reported the
prediction of delayed healing due to pressure. Therefore, this study focused on biological response-based molecular
markers for the establishment of an assessment technology to predict delayed healing due to pressure. We tested the
hypothesis that sustained compressive loading applied to three dimensional cultured fibroblasts leads to upregulation of
heat shock proteins (HSPs), CD44, hyaluronan synthase 2 (HAS2), and cyclooxygenase 2 (COX2) along with apoptosis via
disruption of adhesion. First, sustained compressive loading was applied to fibroblast-seeded collagen sponges. Following
this, collagen sponge samples and culture supernatants were collected for apoptosis and proliferation assays, gene
expression analysis, immunocytochemistry, and quantification of secreted substances induced by upregulation of mRNA
and protein level. Compared to the control, the compressed samples demonstrated that apoptosis was induced in a time-
and load- dependent manner; vinculin and stress fiber were scarce; HSP90u, CD44, HAS2, and COX2 expression was
upregulated; and the concentrations of HSP90q, hyaluronan (HA), and prostaglandin E, (PGE,) were increased. In addition,
the gene expression of antiapoptotic Bcl2 was significantly increased in the compressed samples compared to the control.
These results suggest that compressive loading induces not only apoptosis but also survival activity. These observations
support that HSP90a, HA, and, PGE, could be potential molecular markers for prediction of delayed wound healing due to
pressure.
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although some studies about delayed wound healing related with
malnutrition or infection has reported [5], no study has reported
the prediction of delayed wound healing due to pressure.

Why is no method available for predicting delayed healing due
to pressure? This could be due to 2 reasons. First, it is quite
difficult to estimate pressure-induced mechanical stress within the
tissue, which directly causes cell damage and is measured using a

Introduction

A recent study indicates that the prevalence of pressure ulcer
(PU) is 13.7% in all care settings, including acute, long-term,
rehabilitation, and home care settings [1]. This unacceptably high
prevalence may be related to its chronicity, representing delayed
wound healing due to pressure, which mainly inhibits tissue

granulation in the wound healing process. A PU is continuously
exposed to pressure as noted in its definition that PU is a localized
damage to the skin and the underlying tissue, mainly caused by
continuous exposure to pressure [2]. This is particularly true in
immobile elderly and spinal cord injury patients; thus, it is quite
difficult to completely eliminate pressure.

Early intervention for preventing delayed healing of PUs due to
pressure requires a prediction method. Although clinical manifes-
tations such as “thickened edges” [3] and “double erythema” [4]
have been reported, they only indicate that pressure has already
affected the PU healing process and do not help determine an
appropriate preventive strategy for detection. To our knowledge,

PLOS ONE | www.plosone.org

pressure sensor such as a multi-pad type device that is widely used
in clinical practice {6]. Second, we cannot estimate the magnitude
of mechanical stress responsible for cell damage. Even if
mechanical stress can be measured, the cellular response that
leads to tissue damage is not uniform because of interpatient
variability related to comorbidity, wound location, nutrition, and
age [5,7 9]. We therefore considered that analysis of the cellular
response to mechanical stress is the best approach for the
prediction of delayed wound healing due to pressure. To
mvestigate the cellular response, it is very important to reveal
the molecular-level phenomena within the cell that lead to cell
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damage; thus, an i vitro model would be the most suitable option
for this purpose.

In the present study, we focused on the biological response-
based molecular markers for the establishment of an effective
assessment technology to predict delayed wound healing due to
pressure. Specifically, we investigated the changes in gene
expression by applying sustained compressive loading to the
fibroblasts in a collagen sponge, which mimics the situation when
pressure is continuously applied to the granulation tissue filled with
fibroblasts and extracellular matrix (ECM). We subsequently
identified the secreted substance along with gene expression as a
molecular marker that could be collected noninvasively from the
wound exudates in a clinical setting. Moseley et al. [8] reported in
their review that analysis of wound exudates has a scientific and
objective rationale for assessing the wound condition.

Although there are few studies that applied sustained compres-
sive loading to the fibroblasts under three-dimensional (3D) culture
for this purpose, in exploring the molecular markers we decided to
investigate the gene expression of heat shock proteins (Hsps), Cd44,
hyaluronan synthase 2 (Has2), and cyclooxygenase 2 (Cox2) as key
factors related with mechanical stress and apoptosis [10-17]. In
addition, our study focused on apoptotic cell death triggered by
loss of ECM contacts, which indicates disruption of cell adhesion
[13,14,18]. Previous studies have reported that increased apoptosis
within the granulation tissue may contribute to impaired wound
healing (19], and mechanical stress may induce apoptosis via
disruption of adhesion [20,21], which leads to the idea that
compression induces apoptosis triggered by the disruption of
adhesion.

To test the hypothesis that sustained compressive loading
applied to 3D cultured fibroblasts leads to upregulation of HSPs,
CD44, HAS2, and COX2 along with apoptosis via disruption of
adhesion, we applied sustained compressive loading to fibroblast-
seeded collagen sponges.

Materials and Methods

Cell culture

The rat fibroblast cell line Rat-1 (RIKEN BioResource Center,
Ibaraki, Japan) was grown at 37°C under 5% CO, in DMEM
(Nacalai Tesque, Kyoto, Japan) supplemented with 10% FBS
(Biowest, Nuaillé, France) and antibiotics (100 U/ml penicillin,
100 pg/ml streptomycin; Nacalai Tesque), and then cultured in a
monolayer.

Cell seeding to the collagen scaffold

A porous atelocollagen sponge (MIGHTY; KOKEN, Tokyo,
Japan) was used as a scaffold. The pore size was designed to be
100 200 pm, and the pores were interconnected. Trypsinized cells
(2.0x107/pellet) collected by centrifugal force were suspended in
2.4 ml of 0.5% atelocollagen solution (KOKEN) supplemented
with 0.3 ml of 10x concentrated DMEM prepared by dissolving
DMEM powder (Biological Industries, Beit Haemek, Israel) in
sterilized distilled water and 0.3 ml reconstitution buffer (Nitta
Gelatin, Osaka, Japan) on ice to produce a cell suspension in a
0.4% collagen solution of DMEM. In total, 100 ul of cell
suspension was seeded onto a collagen scatfold (5-mm diameter,
3-mm thick) by centrifugation (500xg, 5 min).

Compressive loading and loading protocol

Collagen sponge samples were precultured for 24 h and
subjected to sustained compressive loading under 5% GO, at
37°C by using a custom-built loading apparatus (Fig. 1). The
loading apparatus applied compression to the samples in a 12-well
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plate with stainless steel indenters, using a 5-mm thick stainless
steel plate on top of the 12-well plate to stabilize the indenter.
Various weights can be placed on top of these indenters to apply
specified compression to the samples. Pressures of 0, 50, 100, or
200 mmHg, by following the report of Swain [22], were applied
on samples for 2, 4, or 6 h. The sample with no treatment (0 h-
0 mmHg) was analyzed as the baseline. Experiments were
repeated 5 times.

WST-1 assay

Proliferative activity of fibroblasts was analyzed using the
colorimetric WST-1 assay (Roche Diagnostics, Basel, Switzerland).
In brief, collagen sponge samples after loading were transferred to
new 12-well plates in 1 ml of medium containing 100 pl WST-1
reagent per well and then incubated for 1.5 h. The absorbance at
450 nm was measured using a microplate reader, DTX800
(Beckman Coulter, Brea, CA). The proliferative activity of each
sample was shown as a relative value of absorbance compared to
the baseline sample.

The terminal deoxy-nucleotidyl transferase-mediated
deoxyuridine triphosphate nick end-labeling (TUNEL)
staining

Quantification of apoptosis was measured using the In siu
Apoptosis Detection Kit (TAKARA Bio Inc., Shiga, Japan). One

Figure 1. Loading apparatus to apply sustained compressive
loading to cells seeded-collagen sponge. [n this representation A
indicates an indenter (diameter: 10 mm), B the weights, C a stainless
steel plate (thick: 5 mm), D a 12-well plate lid, E culture medium, and F
a fibroblast-seeded collagen sponge sample (diameter: 5 mm and thick:
3 mm).

doi:10.1371/journal.pone.0104676.g001
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side of each collagen sponge cut in half after the WST-1 assay was
fixed in 4% paraformaldehyde in phosphate buffer, dehydrated
with series of ethanol, cleansed with series of xylene and embedded
in paraffin. Longitudinal 4-pm thick sections were deparaflinized.
Following TUNEL staining performed according to the manufac-
turer’s instruction, the nucleus was stained with DAPI The stained
cells were observed under an inverted fluorescence microscope
(DMI4000B; Leica, Wetzlar, Germany). The number of TUNEL-
positive cells was counted in 5 fields in the central area of the
collagen sponge (magnification x10), and the proportion of
positive cells to total cells was calculated.

Morphology and immunocytochemistry

Longitudinal 5-pm  thick sections of 3D cell culture were
deparaffinized and hematoxylin and eosin (H&E) staining was
performed.

Rhodamine phaloidin and vinculin staining was performed on
3D cell culture samples as follows. The sections were incubated
with rhodamine phaloidin for 45 minutes at room temperature
(100 nM in 1% BSA; Cytoskeleton, Denver, CO). For vinculin,
the sections were incubated with anti-vinculin rabbit polyclonal
antibody (Sigma-Aldrich, St. Louis, MO; diluted 1:100) for 60 min
at room temperature after antigen retrieval (semi boiling for
10 min in 10 mM citrate buffer, pH 6.0). Subsequently, the
sections were incubated with Dylight® 488 anti-rabbit IgG
antibody (Vector Laboratories, Burlingame, CA; diluted 1:1000)
for 30 min at room temperature. The nucleus was stained with
DAPI in both stainings. Between each step, the sections were
washed 3 times with PBS for 5 min each. The stained cells were
observed under an inverted fluorescence microscope (DMI4000B).

HSP90a, (D44, and COX2 immunostaining was performed on
3D cell culture as follows: the sections were incubated with anti-
HSP90o. rabbit polyclonal antibody (Lab Vision Corporation,
Fremont, CA), anti-HCAM rabbit polyclonal antibody (Santa
Cruz Biotechnology, Dallas, TX), or anti-COX2 rabbit monoclo-
nal antibody (Cell Signaling Technology, Danvers, MA) at room
temperature for 60 min (each antibody was diluted 1:30) after
quenching of endogenous peroxidase and antigen retrieval (3D cell
culture samples were subjected to semi boiling for 10 min).
Subsequently, the sections were incubated with biotin-conjugated
anti-rabbit IgG antibody (Jackson ImmunoResearch Laboratories,
West Grove, PA; diluted 1:1000) for 30 min at room temperature.
Immunoreactions were detected using a VectaStain ABC Kit
(Vector Laboratories) with 3,3'- diaminobenzidine tetrahy-
drochloride substrate (Nacalai Tesque) and counterstained using
hematoxylin.

HAS?2 immunostaining was performed with anti-HAS2 mouse
monoclonal antibody as the primary antibody (Santa Cruz
Biotechnology; diluted 1:50) and then, as the secondary antibody,
HRP-conjugated anti-mouse IgG antibody (Bethyl Laboratories,
Montgomery, TX; diluted 1:1000). Any other kind of immuno-
staining methods was performed as well as methods described
above. The samples were observed using an upright microscope
(BX41; Olympus, Tokyo, Japan).

RNA extraction and real-time reverse transcription-
polymerase chain reaction (RT-PCR)

Total RNA was extracted from the fibroblasts seeded on a
collagen sponge following standard procedures using the RNeasy
Plus Minit Kit (QIAGEN, Hilden, Germany). The other side of
each collagen sponge, cut in half after the WST-1 assay, was
minced and homogenized in liquid nitrogen. cDNA synthesis was
performed using the TMI00"™ Thermal Cycler (Bio-Rad,
Richmond, CA) and the High Capacity ¢cDNA Reverse Tran-
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seription Kit (Life Technologies, Carlsbad, CA). For quantitative
PCR, amplification of the tar%,et—speciﬁc region of ¢cDNA was
performed using Power SYBR™ Green PCR Master Mix (Life
Technologies) in a real-time PCR system (Mx3000P QPCR
System; Agilent Technologies, Santa Clara, CA). The PCR
protocol was as follows: 40 cycles at 95°C for 30 s and 60°C for
1 min after preheating at 95°C for 10 min. The expression of the
target genes in the 6 b 200 mmlHg group relative to the value in
the 6 h 0 mmHg group was calculated by the comparative Ct
method using the 18S ribosomal RNA gene as an internal control.
The primer sequences are shown in Table 1. We confirmed that
WST-1 measurement did not affect the gene expression analysis.

ELISA

The culture medium was collected after compressive loading.
HSP90u concentration was measured using the Rat Heat Shock
Protein 90o ELISA kit (CUSABIO BIOTLECH, Wuhan, China).
The concentration of hyaluronan (HA) was measured using the
OnE Hyaluronic Acid ELISA Assay (Biotech Trading Partners,
Encinitas, CA). The concentration of prostaglandin Eo (PGEy) was
measured using the PGE, high sensitivity EIA kit (Enzo Life
Sciences, Farmingdale, NY). Each experiment was performed
according to the manufacturer’s instructions. The values were
normalized based on the cell number measured with the value of
the WS'I-1 assay.

Statistical analysis

The results have been presented as mean = SEM value.
Statistical differences between the 2 groups were determined using
the Student’s t-test. The differences among multiple groups were
compared by Dunnett’s method using the baseline or 0 mmHg
group as the control. A p value <0.05 was considered statistically
significant. The software IBM SPSS Statistics for Windows version
20.0 (IBM, Armonk, NY) was used for all statistical analyses.

Results

3. 1. Sustained compressive loading did not induce
apparent cell proliferation and induced apoptosis
through disruption of adhesion

WST-1 assay and TUNEL staining were used to investigate the
proliferative and the apoptotic effects of sustained compressive
loading at various loading times and intensities in 3D cultured
fibroblasts. While the cell number in nonloaded groups signif-
icantly increased compared with the baseline in a time-dependent
manuer (2, 4, and 6 h groups; p=0.872, =0.147, and =0.018,
respectively; Fig. 2A), such an increase over the baseline was not
observed in 2, 4, and 6 h 200 mmHg groups (each group; p>
0.05; Fig. 2B). Moreover, 6-h compressive loading induced a
significant reduction in the cell number of the 50, 100, and
200 mmHg groups compared with the O mmHg group (each
group; $<<0.01; Fig. 2C). An increase in apoptosis was not
observed in nonloaded groups (each group; p>0.03; Fig. 2D). In
contrast, compressive loading significantly induced apoptosis in a
time- and load-dependent manner (according to loading time for
2, 4, and 6 h 200 mmHg, p=0.002, <0.001, and <0.001,
respectively; according to loading intensity at 6 h 50, 100, and
200 mmHg, p<<0.001, <0.001, and <0.001, respectively; Fig. 2E
and 2F). Although these results suggest that proliferation and
apoptosis occur simultaneously during compressive loading,
apparent cell proliferation did not occur. We thus considered this
system as the inhibitory state of granulation.

The detachment of anchorage-dependent cells, such as fibro-
blasts, induces apoptosis which is called “anoikis” [23]. In the
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process of anoikis, cell detachment from ECM induces apoptosis
by disrupting survival signals generated through cytoskeletal
rearrangements induced by cell integrin-ECM interactions,
including the formation of focal adhesions (FAs) and actin filament
stress fibers [18,24,25]. We therefore investigated the effects of
sustained compressive loading on cell morphology, FA, and actin
stress fiber formation in 3D cultured fibroblasts. First, we
compared the cell morphology, identified by H&E staining, for
the 6 h- 0 mmHg and the 6 h 200 mmHg groups. The distinctive
cell morphology observed in the 6 h- 0 mmHg group was spindle-
shaped cells, whereas that in the 6 h 200 mmHg group was
nonspindle-shaped cells along with apoptotic bodies (Fig: 2G, 2H,
and 2I). Second, we compared the expression of FAs, identified by
staining of the FA structural protein vinculin, for the 6 h 0 mmHg
and the 6 b 200 mmHg groups. Vinculin expression was observed
in the 6 h 0 mmHg group, whereas it was scarcely observed in the
6 h 200 mmHg group (Fig. 2] and 2K). Similarly, actin stress
fibers were observed in the 6 h 0 mmHg group, but not in the
6 h 200 mmHg (Fig. 2L and 2M). Thus, in the cells of 6 h
200 mmHg group without apoptotic bodies, vinculin and actin
stress fibers were scarce even before the cells underwent apoptosis.
The observation that vinculin and actin stress fibers were scarce
even in cells without apoptotic bodies supports the proapoptotic
effects of compressive loading on fibroblasts by disruption of
adhesion.

PLOS ONE | www.plosone.org

Table 1. Primer sequences used for the quantification of gene expression.
Target gene Primer sequeces (5'-3') GenBank
Forward Reverse accession number
Hsf1 TTGACTCCATCCTTCGAGA CCAGGTGATCACTTAGCTC NM_024393.1
Hsf2 TCAGGAAGACAGTTTAGCAT AAAGGCAGTGTACTGGATAA NM_031694.2
Hsp32 AGTTCAAACAGCTCTATCGT GTAGTATCTTGAACCAGGCT NM_012580.2
Hsp40 GCGAGATTTTCGACCGCTAT GATTCCTGCCACCGAAGAAC NM_001108441.1
Hsp47 CTCGTTAATGCCATGTTCTT TCTCGTCGTCATAGTAGTTG NM_017173.1
Hsp60 TCGCCAGATGAGACCAGTGT TGGGACTTCCCCAACTCTGT NM_022229.2
Hspa5s CATTCAAGGTGGTTGAAAAG TGCATCATTGAAGTAAGCTG NM_013083.2
Hsc70 TGAGAATGTTCAGGATTTGC CATACACCTGGATGAGTACA NM_024351.2
Hsp90aal GTGCGGTTAGTCACGTT TCGAGTAGAAAGTGTTGATG NM_175761.2
Bcl2 GCGTCAACAGGGAGATGTCA GCTGAGCAGCGTCTTCAGAG NM_016993.1
Bax GATGATTGCTGACGTGGACA TGATCAGCTCGGGCACTTTA NM_017059.2
Cd44 CCGTTACGCAGGTGTATTCC TGTTGAAAGCCTCGCAGAG NM_012924.2
Has1 TTCAAGGCACTGGGTGACTC CCCAGTATCGAAGGCTGCTC NM_172323.1
Has2 AGGGGACCTGGTGAGACAGA GGGTCAAGCATGGTGTCTGA NM_013153.1
Has3 GTGTTCGAGCTGTGGTGTGG GGGGATCTTCCTCCAAGACC NM_172319.1
Vean TGAATGTCACTCTAACCCTT ATTGCCCTTGGAATTTGTG NM_053663.1
Tnfaip6 GCTTTGTAGGAAGATACTGC CCTTGATIGGATTTAGGTGC NM_053382.1
Hyall CCTTCAGTCCTGAGGTTTCC CCAGTGAGTGTCTGCATTCC NM_207616.1
Hyal2 CAGAACTTAGCCAGATGGAC CACATTGACTATGTAGGGGA NM_172040.2
Hyal3 TCTTCCCTAGCATCTACCTC TAGGTCATCCAGAGACAAGA NM_207599.2
Mmp2 ACAGGACCCTGGAGCTTTGA CTTGCAGATCTCGGGAGTGA NM_031054.2
Mmp3 AAGATGCTGGCATGGAGGTT TTCGAGTCCAGCTTCCCTGT NM_133523.2
Mmp9 GCGCTGGGCTTAGATCATTC TGGGACACATAGTGGGAGGA NM_031055.1
Mmp13 ATGTGGAGTGCCTGATGTGG GCCATCATGGATCCTGGTAAA NM_133530.1
Cox2 CCCACTTCAAGGGAGTCTGG GCAGTCATCAGCCACAGGAG NM_017232.3
doi:10.1371/journal.pone.0104676.t001

Gene expression was compared between the 6 h 0 mmHg and
the 6 h-200 mmHg groups to narrow down the candidates of the
molecular markers because, by integrating the results of cell
number and apoptosis, most differences would be observed
between these 2 groups. After lavestigating gene expression, we
measured the concentration of secreted substances in the cultured
medium of the 0, 50, 100, and 200 mmHg groups to confirm the
clinical applicability of markers for predicting tissue damage
caused by the compressive loading.

Stress- and apoptosis-related gene expression was
stimulated by 6-h compressive loading
A significant increase in the expression of heat shock transcription

Jactor 1 (Hsf1) and Hsf2 was observed in the 200 mmHg group

compared with the 0 mmHg group (Hsf1 and Hs/2; p = 0.006 and

=0.004, respectively; Fig. 3A). Expression of these genes is induced
by the disruption of adhesion [26], and HSF1 and HSF2 bind to the
regulatory site of various Hsp genes. Following this, we investigated
the influence of compressive loading on the gene expression of
various HSPs, which are stress-responsive proteins against mechan-
ical stress, elevated temperature, hypoxia, lowered pH, and reactive
oxygen species (ROS) [27]. The expression of various Hsps was
significantly higher in the 200 mmHg group than in the 0 mmHg
group (Hsp32, Hsp40, Hsp47, Hsp60, Hspa5, Hsc70, and
Hsp90aal; $=0.002, =0.019, <0.001, =0.024, =0.033, <
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Figure 2. Sustained compressive loading did not induce apparent cell proliferation and induced apoptosis through disruption of
adhesion. Fibroblasts were seeded to collagen sponge and incubated for 24 h. And then they were subjected to 0, 50, 100, or 200 mmHg
compression for 0, 2, 4, and 6 h. A, B, and C: Collagen sponge samples after loading were transferred to new 12-well plates in 1 ml medium
containing 100 pl WST-1 reagent per well, and then incubated for 1.5 h. The absorbance of 450 nm was measured. The cell number was shown
relative to base line. The results are represented as the mean *+ SEM (error bars) of five experiments. D, E, and F: Collagen sponge samples were fixed,
dehydrated, cleared, and processed for embedding in paraffin after loading experiments. Sections were prepared at 4-um thick. Apoptosis assay were
performed by TUNEL stain using tissue slides. The number of TUNEL-positive cells was counted in 5 fields in the central area of the collagen sponge
(magpnification x10), and the proportion of positive cells to total cells was calculated. The results are represented as the mean + SEM (error bars) of
five experiments. Statistical analysis was performed using the Dunnett's multiple test: between 2, 4, or 6 h group and 0 h group (A, B, D, and E) or
between each of loaded group and nonloaded group (C and F). Statistical significance was taken as p<<0.05. A value of p was expressed as: *; p<0.05,
** p<<0.01, and ***; p<0.001. G, H, and I: H&E staining for confirming cell morphology. Collagen sponge samples were prepared as aforementioned.
Sections were prepared at 5-mm thick. The distinctive cell morphology observed in the 6 h-0 mmHg group was spindle-shaped cells (G), whereas
that in the 6 h-200 mmHg group was nonspindle-shaped cells (H) along with apoptotic bodies (I). J and K: Immunostaining for the FA structural
protein vinculin (green). Nucleus stained by DAPI (blue). Vinculin expression was observed in the 6 h-0 mmHg group (J), whereas it was scarcely
observed in the 6 h-200 mmHg group (K). L and M: Immunostaining for actin stress fibers by phaloidin (red). Nucleus stained by DAP! (blue). Actin

stress fibers were observed in the 6 h-0 mmHg group (L), but not in the 6 h-200 mmHg group (M). Scale bars =20 pum for all images.

doi:10.1371/journal.pone.0104676.g002

0.001, and <0.001, respectively; Fig. 3B). Upregulation of various
Hjsps indicates that stress responses by compressive loading occurred
in fibroblasts. T'o examine the condition of nonapoptotic cells, we
investigated the expression of antiapoptotic Bcl2 [28] and
proapoptotic Bax [29]. The results indicated that Bcl2 levels were
significantly higher in the 200 mmHg group than in the 0 mmHg
group, but Bax levels did not show any significant difference.
(p=0.001 and 0.851, respectively; Fig. 3C). Subsequently, we
focused on HSP90a encoded by Hsp90aal and investigated the
expression of HSP90o by immunocytochemistry, because Hsp32,
known as an oxidative stress marker, is upregulated by compressive
loading and oxidative stress leads to the release of HSP90« into the
extracellular environment [{30,31]. Higher expression and nucleus
translocation of HSP90a were observed in the 200 mmHg group
when compared with the 0 mmHg group (Fig. 3D and 3E). Nucleus
translocation of HSP90 occurs after cellular stress, and HSP90
tightly interacts with histones [32]. We decided to quantitatively
evaluate HSP90o in the culture supernatants based on these
observations.

Cd44, Has2, and Cox2 were upregulated by 6-h
compressive loading but HA binding proteins and
hyaluronidase gene expression were not

A 9.0-fold increase occurred in Cd44, one of the adhesion
molecules related to apoptosis via the disruption of adhesion
[14], in the 200 mmHg group compared with the 0 mmHg
group (p<<0.001; Fig. 4A). Subsequently, we investigated Husl,
Has2, and Has3, which are HA synthases, known as a primary
ligand for CD44 [33 35]. A 4.6-fold increase occurred in Hus2
in the 200 mmHg group compared with the 0 mmHg group
(p<<0.001) (Fig. 4B). On the other hand, the levels of Hasl and
Has3 were under the detection limit in both the groups.
Subsequently, we investigated the expression of CD44 and
HAS2 proteins by immunostaining because Cd44 and Has2
were significantly upregulated by compressive loading. Similar
to gene expression, CD44 and HAS2 were upregulated by
compressive loading in 3D cultured fibroblasts (Fig. 4C, 4D, 4E,
and 4F). Based on these results, we decided to quantitatively
evaluate HA synthesized by HAS2 in the culture supernatants.
Furthermore, we investigated CoxZ2 gene expression because
CD44 and HA interaction upregulates COX2 expression [17].
Cox2 was significantly upregulated by compressive loading
(p=0.007; Fig. 4G). Next, we investigated the expression of
the COX2 protein by immunostaining based on the result for
Cox2 gene expression. Protein expression, as well as gene
expression, for COX 2 was upregulated by compressive loading
(Fig. 4H and 4I). Therefore, considering that PGL; is a
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secretory substance downstream of COX2 [36], PGE, would
also be a possible molecular marker, that could be quantitatively
evaluated in the culture supernatants.

In addition, for studying marker candidates besides HA and
PGE,, we investigated the expression of versican (Vean), tumor
necrosis fuctor alpha-induced protein 6 (Tnfaip6), hyaluronidase 1
(Hyall), Hyal2, and Hyal3, considering that the expression of HA
binding proteins and degrading enzyme was upregulated along
with an increase in Has2 expression. However, the results
indicated the expression of Vean and Hyall was significantly
lower in the 200 mmHg group than in the 0 mmHg group (Vean,
Tnfaip6, Hyall, Hyal2, and Hyal3; p =0.003, =0.290, =0.045,
=0.088, and =0.033, respectively; Fig. 4]).

Secretions of HSP90«a, HA and PGE, into the cell culture
medium were increased by 6-h compressive loading

We then measured the concentration of HSP90x, HA, and
PGE, in the culture medium. The concentration of HSP90x was
significantly higher in the 50, 100, and 200 mmHg groups than in
the 0 mmHg group (p = 0.042, =0.002, and = 0.004, respectively;
Fig. 5A). The concentration of HA was also significantly higher in
the 100 and 200 mmHg groups than in the 0 mmHg group
(p=0.014 and =0.021, respectively; Fig. 5B). On the other hand,
the concentration of PGEs was significantly higher only in the
100 mmHg group than in the 0 mmHg group (p=0.004). An
mncrease in PGLEg was observed in the 50 mmHg and the
200 mmHg groups compared with the 0 mmHg group
(p=0.177 and =0.149, respectively; Fig. 5C) but this difference
was not statistically significant.

Discussion

In the present study, we investigated candidates of molecular
markers in order to predict delayed wound healing due to pressure
focusing on cellular responses along with apoptosis triggered by
the disruption of adhesion for the first time. Our results revealed
that sustained compressive loading reduced the cell number and
notably induced apoptosis in a time- and load-dependent manner.
Furthermore, Hsp90aal, Cd44, Has2, and Cox2 were upregu-
lated, and along with these upregulated genes, HSP90x, HA, and
PGE, were also increased by sustained compressive loading in
fibroblasts. We noted the possibility of developing an assessment
technology to predict delayed wound healing due to pressure,
based on gene and protein expression and substances related to
gene and protein expression analysis.

Wang and Thampatty {37] have reviewed many studies on the
altered gene expression related to compressive loading in different
cell types such as osteoblasts, chondrocytes, synovial cells, and
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Figure 3. Stress- and apoptosis-related gene expression was stimulated by 6-h compressive loading. Fibroblasts were seeded to
collagen sponge and incubated for 24 h. And then they were subjected to 0 mmHg (0J) or 200 mmHg (B) compression for 6 h. Total mRNA was
extracted after WST-1 assay, and mRNA expression was assessed using real-time RT-PCR. The expression of the target genes in the 6 h-200 mmHg
group relative to the value in the 6 h-0 mmHg group was calculated by the comparative Ct method using the 18S ribosomal RNA gene as an internal
control. The results are represented as the mean = SEM (error bars) of five experiments. Statistical analysis was performed using the Student’s t test
between the 0 mmHg group and the 200 mmHg group, and statistical significance was taken as p<<0.05. A value of p was expressed as: *; p<<0.05, **;
p<0.01, and ***; p<<0.001. A: The transcription factors of various Hsps. B: various Hsps C: Bcl2 is an antiapoptotic gene, and Bax is a proapoptotic gene.
D and E: Immunostaining for HSP900. Representative sections of (D) the 6 h-0 mmHg group and (E) the 6 h-200 mmHg group. Higher expression
and nucleus translocation of HSP90x was observed in the 200 mmHg group (E) when compared with the 0 mmHg group (D). Scale bars =20 um for
all images. .

doi:10.1371/journal.pone.0104676.g00
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method using the 18S ribosomal RNA gene as an internal control. The results are represented as the mean * SEM (error bars) of five experiments.
Statistical analysis was performed using the Student's t test between the 0 mmHg group and the 200 mmHg group, and statistical significance was
taken as p<<0.05. A value of p was expressed as: *; p<<0.05, **; p<<0.01, and ***; p<0.001. A: Cd44. B: Has2. G: Cox2. J: Vcan and Tnfaip6 are HA binding
proteins. Hyall, 2, and 3 are HA degrading enzyme. C and D: Immunostaining for CD44. Representative sections of (C) the 6 h-0 mmHg group and (D)
the 6 h-200 mmHg group. E and F: Immunostaining for HAS2. Representative sections of (E) the 6 h-0 mmHg group and (F) the 6 h-200 mmHg
group. H and I Immunostaining for COX2. Representative sections of (H) the 6 h-0 mmHg group and {l) the 6 h-200 mmHg group. Scale

bars=20 um for all images.
doi:10.1371/journal.pone.0104676.9004

periodontal ligament cells, which are exposed to compressive
stimulation under physiological conditions. However, applying the
previous results may not be appropriate for studying molecular
markers nduced by compressive stimulation in chronic wounds
such as PUs because cellular responses are generally cell type
dependent [37} and differs between sustained and cyclic manners
for load application [15,21].

Our results suggest that sustained compressive loading induced
apoptosis and did not support apparent cell proliferation.
Therefore, we studied the available molecular markers using our
experimental system. In this system, inhibition of granulation
occurred along with apoptosis. Our purpose was to study the
cellular responses leading to molecular markers in the cells, during
apoptosis in 3D cultured fibroblasts, which mimics the granulation
tissue. Our results also show that apoptotic cell rate in the 6 h
200 mmHg was over 3 times higher than in the 6 h 0 mmHg.
Although our system is single cell model, our results represent the
effect of apoptosis observed in our model on delayed wound
healing due to pressure at least in part. In fact, there are some
animal models of chronic wounds [38- 41]. However, these animal
models employed two magnetic plates to dorsal skin for making
PUs [38,39] or treated with drugs to induce diabetic conditions
before making full thickness wound [40,41] to create the chronic
wounds, therefore cannot be used for assessing the effect of
pressure applied to the existing wounds on its healing process.

We found that apoptosis was induced and Hsps expression was
higher in the 200 mmHg group compared with the 0 mmHg
group. This result is consistent with previous reports. Recent
studies have demonstrated that HSPs are upregulated by
mechanical stress in periodontal ligament cells and gastric mucosa
cells [10 12] and that apoptosis is induced by mechanical stress
[20,42,43]. Sreedhar and Csermely [26] reviewed that the
upregulation of HSPs occurs during the induction of apoptosis
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reported in many studies. Hence, apoptosis, upregulation of HSPs,
and mechanical stress are closely related.

The increase in Hsps, Bel2, and Bax gene expression observed
in our study suggests that nonapoptotic surviving cells promote
survival activity. The present study demonstrates that compressive
loading leads to various biological stresses, which induces
apoptosis, because various Hsps were significantly increased in
the loaded fibroblasts. Upregulation of Hsp32 indicates that
oxidative stress is generated [44]. Hsp47 and Hspa5 are expressed
during the stress in the endoplasmic reticulum [26,45]. Hsp60,
Hsc70, and Hsp90aal encode chaperone proteins that repair
damaged proteins and promote cell survival [26]. In addition, a
correlation exists between ROS generation and the induction of
HSPs [46], and the upregulation of BCL2 prevents mitochondrial
ROS generation [47].

We observed remarkable upregulation of CD44 at both mRNA
and protein levels by compressive loading. Upregulation of CD44
contributes to survival signals and promotes the resistance of
apoptosis triggered by the disruption of adhesion [14,48,49].
Therefore, it is suggested that the induction of apoptosis in the
present study has been caused by compression-induced disruption
of adhesion.

The present study demonstrated that compressive loading
increases the expression of HAS?2 and that HA levels increase in
fibroblasts. HAS2 synthesizes high molecular weight HA [50],
which serves as a structural scaffold in the tissue [51]. HA has been
shown to alter the physical properties of ECM [52], including
hydration [53], diffusion [54], and viscoelasticity [55,56]. HA
associated with proteoglycan anchors to the cell surface via CD44
in the pericellular matrix [57]. HA also holds aggregates of
proteoglycan [58] and forms huge complexes that provide a load-
bearing function in ECM [59]. Increased HA in this system may
therefore improve load-bearing function and scaffold for cellular
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Figure 5. The secretions of HSP90¢, HA, and PGE; into cell culture medium were increased by compressive loading. Fibroblasts were
seeded to collagen sponge and incubated for 24 h. And then they were subjected to 0, 50, 100, or 200 mmHg compression for 6 h. Culture
supernatants were collected after 6 h loading experiments. The level of each substance (A: HSP90z, B: HA, C: PGE,) was measured by ELISA. A value of
concentration was normalized by WST-1 value. The results are represented as the mean = SEM (error bars) of five experiments. Statistical analysis was
performed using the Dunnett’s multiple test between non-loaded group and each of loaded group, and statistical significance was taken as p<0.05.
A value of p was expressed as: ¥; p<0.05, **; p<0.01, and ***; p<<0.001.

doi:10.1371/journal.pone.0104676.g005
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adhesion. Takemura et al. [16] have reported that because of the
elastic and hydrational properties of HA, an increase in HA by
applying cyclic tensile stress to uterine cervical fibroblasts results in
flexibility required during delivery. However, while upregulation
of Has2 and Cd44 was observed by compressive loading,
downregulation of Vean, which encodes a core protein of
proteoglycan, was also observed. Thus, it may not be sufficient
to improve the load-bearing function and scaffold under sustained
compressive loading. In previous study using tensile loading,
Crockett et al. [15] have reported that the secretion of HA is
increased in tendon fibroblasts, whereas the secretion of glycos-
aminoglycan becoming proteoglycan along with the core protein is
not increased. This result is consistent with our result; however, in
arterial smooth muscle cells using mechanical strain, the expres-
sion of protein and mRNA levels in versican was increased [60].
The difference in these results may occur as a result of the
difference in the intensity and type of mechanical stress and cell
type.

The present study also revealed upregulation of COX2 and
PGEs by compressive loading. Although an increase in PGE; was
observed in the 50 mmHg and the 200 mmHg groups when
compared with the 0 mmHg group, a significant increase in PGEo
was observed only in the 100 mmHg group. Our observation that
an increase in PGE, does not occur in a load-dependent manner
may suggest suppression of Cox2 expression in the 200 mmHg
group relative to that in the 100 mmHg group. As Misra et al.
[17] have reported that fragmented HA suppresses Cox2
expression, it is likely that HA was fragmented by ROS [61] in
the 200 mmHg group and subsequently suppressed Cox2 expres-
sion. However, in our study the effect of compressive loading on
the interaction of CD44 and HA and the occurrence of HA
fragmentation has not been elucidated. Further studies are needed
to establish these mechanisms.

The cellular responses reported here can be measured from the
wound exudate because these factors are available in culture
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For maximum interface pressure, the relative values of the following methods
were higher than those of the control method, which did not use any bed sheets:
cotton sheets with hospital corners (1.28, p = 0.02), polyester with no corners
(1.29, p = 0.01), cotton with no corners (1.31, p = 0.003), and fitted polyester
sheets (1.35, p = 0.002). Stepwise multiple regression analysis indicated that
maximum interface pressure was negatively correlated with bed sheet elasticity
(R? = 0.74). A statistically significant negative correlation was observed between
maximum interface pressure and immersion depth, which was measured using
the loading device (r = —0.40 and p = 0.04).

We found that several combinations of bed making methods and bed sheet mate-
rials induced maximum interface pressures greater than those observed for the con-
trol method. Bed sheet materials influenced maximum interface pressure, and bed
sheet elasticity was particularly important in reducing maximum interface pressure.

© 2014 Tissue Viability Society. Published by Elsevier Ltd. All rights reserved.

Introduction

A pressure ulcer is a localized injury to the skin and/
orunderlying tissue that usually appears over a bony
prominence as a result of pressure or pressure in
combination with shear stress [1]. Pressure ulcers
frequently occur among elderly bedridden patients
with extreme bony prominences; therefore, it is
important to use a support surface, such as a two-
layer pressure air mattress, to redistribute the tis-
sue load over bony prominences [Z,3].

Bed sheets serve to protect patients from
infection and maintain comfort. However, they
often cause a phenomenon known as the hammock
effect [4] in which the bed covers and sheets may
generate high surface tension across the support

surface [4] that leads to increased pressure; for
example, if a patient’s buttocks are not immersed,
the contact area between the buttocks and the
support surface is reduced, and pressure is
increased (Fig. 1). Although the principle of the
hammock effect is well-known, the methods to
reduce this phenomenon remain unknown in clin-
ical practice. Therefore, we investigated the po-
tentials of different bed sheet-related methods to
redistribute pressure across a patient’s body.
Matsuo et al. [5] previously suggested that bed
making methods influence the hammock effect on
the support surface. Other studies have reported
that bed sheet materials promote the hammock
effect. For example, lizaka et al. {6] found that
the elasticities of cushion covers influences the
hammock effect in wheelchairs, and Nagano et al.
[71. reported on the influence of friction on this
phenomenon. Although these studies showed that
the hammock effect can be aggravated by bed
making methods and bed sheet materials, no
studies have been conducted to determine the
differences among bed making methods and bed
sheet materials in terms of pressure distribution

on the support surface. Therefore, using an
anatomical model characterized by extreme bony
prominences, we compared pressure distributions
on the support surface across different bed making
methods and bed sheet materials and identified
the factors that influence pressure distribution.
We hypothesized that bed making methods and
bed sheet materials influence the maximum
interface pressure on the support surface.

Materials and methods
Model

We employed an anatomical model and a loading
device described and validated by Matsuo et al. [&].
The Matsuo model was developed to evaluate sup-
port surfaces and quantify the hammock effect. This
model was created by attaching polyurethane gel
and a film to a resin model of an adult female pelvis
(female pelvis 1/1 scale model®; Nihon 3B Scientific
Corp., Niigata, Japan) with an intercristal diameter
of 25.0 cm and an interspinal diameter of 24.0 cm.
Polyurethane gel was used to mimic the soft tissue of
the buttocks at thicknesses of 80 and 210 mm and
stiffnesses of 0.08 and 0.46 megapascals (MPa) at
the sacral and hip regions, respectively. A poly-
urethane film (thickness, 0.3 mm) was used to mimic
skin on the model (Fig. 2).

The loading device was composed of an
aluminum frame (length, 100 cm; width, 60 cm;
and height, 73 cm). A vertical load was applied to
the sacral region using a weight attached to a
vertical column erected at the center of the
frame. A load of 11 kg was applied and the pelvis
was tilted by 30°; these parameters were calcu-
lated based on contact areas and interface pres-
sures of the buttocks from pressure redistribution
maps of elderly bedridden patients [8]. A spring
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Figure 1  Theoretical model of the hammock effect on
the support surface. (A) The situation without a bed
sheet. (B) The situation with a bed sheet. Bed sheets
generate high surface tension across the support surface
such that the individual’s buttocks are not immersed and
the contact area between buttocks and support surface
is reduced and pressure is increased.

B

was attached to the frame, and the anatomical
model was fixed at an angle of 30° (Fig. 2) [8].

Support surface

A two-layer air mattress (Tricell®; Cape Ltd., Yoko-
hama, Japan) with a reactive air mode consisting of
a mattress (length, 191 cm; width, 84 cm; height,
10 cm), a pump, and a cover was used in the study.
The mattressincluded 24 air cells, each of whichwas
fabricated from 8-cm columnar polyurethane
sheets. The cover was also made of polyurethane
sheets. The internal pressure of the mattress was
25 mmHg, as described in a previous study {8], and
the air in all cells was at the same internal pressure
when the mattress activated. We selected an air
mattress based on evidence that elderly bedridden
patients may benefit from the use of a two-layer air
mattress [3].

Bed making methods

We placed the support surface at the center of each
bed sheet and drew a line at its center and outlined
its shape on all bed sheets. Bed making was per-
formed by one experimenter using three different
methods: hospital corners, no corners, and fitted

Figure 2 The anatomical model and loading device. (A) The anatomical model. {t was made by attaching a polyurethane
gel and film to a resin model of adult female pelvis. (B) The loading device. It consisted of an aluminum frame (length,
100 cm; width, 60 cm; and height, 73 cm). (C) The constructed model. By loading a weight onto a vertical column erected
at the center of the frame, a vertical load could be applied to the sacral region. A load of 11 kg was then applied and the
pelvis was tilted by 30°. A spring was attached to the frame, and the anatomical model was fixed at 30° angle.
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Figure 3 Bed making methods. (A) Hospital corners. The folded edge of the sheet formed a 45° angle from the
corner on the surface of the bed. (B) No corners. We positioned a flat sheet over the support surface and did not tuck

the edges. (C) Fitted sheets corners. We used fitted sheets.

sheet corners. In the first method, we positioned a
flat sheet over the support surface, tucked the
bottom edge under the mattress from corner to
corner, and then folded one long edge onto the
mattress so that the contour of the bed sheet was
smooth at the corners and the folded sheet edge
formed a 45° angle to the bed corner surface. In the
second method, we spread a flat sheet over the
support surface but did not tuck the edges in. In the
third method, we used fitted sheets (Fig. 3).

Bed sheet types

Bed sheet types selected based on previous studies
[5.6] and those used in clinical settings. We selected
three types of bed sheets composed of materials
with different elasticities: cotton, polyester, and
polyester with a cotton pile (pile) (Table 1). Bed
sheet elasticity was measured according to Japa-
nese Industrial Standards (JIS L 1096). We measured
the length- and width-wise elasticities of each bed
sheet using calipers. Rectangular test pieces
(30 x 6 cm) were cut from the bed sheets with the

Table 1 Types of bed sheets.

30-cm edge parallel to either the length or the width
of the bed sheets and attached to a loading frame as
shown in Fig. 4. A 1-kg weight was suspended from
each and, after 1 min, we measured the bed sheet
length. Bed sheet elasticity was calculated as the
change in the length of the longer side (i.e., the
length of the longer side the weight had been
attached for 1 min—30 cm (base line); Fig. 4).

Friction between the support surface and
bed sheets

Both static and dynamic friction were measured.
Static friction was measured using a bed sheet, a
support surface cover, and two boards and two
boards—a larger board (200 x 80 x 5 cm} to which
we attached the cover and a smaller board
(40 x 25 x 2.5 cm; weight, 1 kg) to which we
attached the bed sheet. Next, we placed the
smaller board over the larger board and slowly
tilted them upward using a jack. When the smaller
board began to slide down, we measured the angle
of the larger board using a protractor. Static

Types of bed sheets Materials Size (a length x a width x a
height) (cm)

Cotton Cotton 100% Flat sheets: 150 x 260 x O
Fitted sheets: 80 x 200 x 30
Flat sheets: 150 x 250 x 0

Polyester Polyester 100% Fitted sheets: 95 x 195 x 10

Pile: cotton 100%,

Flat sheets: 145 x 250 x O

Pile Ground: polyester 100% Fitted sheets: 100 x 200 x 25
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Figure 4 Bed sheet elasticity. (A) Before the measurement. Rectangular test pieces (30 x 6 cm) were cut from the
bed sheets with the 30-cm edge parallel to either the length or the width of the bed sheets and attached to a loading
frame. (B) A 1-kg weight was suspended from each. After 1 min, we measured the bed sheet length. Bed sheet
elasticity was calculated as the change in the length of the longer side (i.e., the length of the longer side the weight

had been attached for 1 min—30 cm (base line).

friction was calculated using the equation
Fi = Mg Sinfnax = py Mg COSHimax, Where uq is the
coefficient of static friction, m is the weight of the
smaller board (1 kg), g is 9.8 m/s? (constant), and
fmax 15 the angle of the larger board. From this
formula, we calculated the static friction coeffi-
cient using the equation y = tanf,.x for compari-
sons between the different types of bed sheets
(Fig. 5) [9].

Dynamic friction was measured using a suspended
weight (CUSTOM, Tokyo, Japan) to slowly pull the
smaller board attached to the bed sheet against the
larger board attached to the support surface cover.
We attached the smaller board to the suspended

The smaller board
The bed sheets

The larger board

weight and slid it over the larger board by pulling the
suspended weight by hand. We measured the power
expended when moving the smaller board using the
suspended weight. Dynamic friction was calculated
using the equation F, = u; mg, where y, is the co-
efficient of dynamic friction, m is the weight of the
smaller board (1 kg), and g is 9.8 m/s* (constant).
Dynamic friction coefficients were calculated using
the equation u, = F>/m x 9.8 (Fig. 5) [10].

Outcomes

The primary outcome of this study was maximum
interface pressure, which was measured using a

The smaller board

The bed sheets
AN

The suspension weighter

24 ] I 1 NG
The cover. = -

e 111
The larger board

A B

Figure 5 Friction between the support surface and bed sheets. (A) The methods of static friction. We put the
smaller board on the larger board, and tilted the larger board slowly. When the smaller board began to slide down, we
measured the angle (6) of the larger board. (B) The methods of dynamic friction. We put the smaller board on the
larger board and pulled the smaller board slowly. We measured the power expended when moving the smaller board
using the suspended weight.
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Figure 6 Measurement of the immersion depth into the support surface. (A) Before loading weights onto the
anatomical model, a line was drawn on the column of the loading device. (B) After the experimentation. Another line
was drawn, and the immersion depth was calculated as the difference in height between the two lines.

pressure mapping system (CONFORMat®; NITTA
Corp., Osaka, Japan) that consists of a thin poly-
ester pressure sensing mat (0.1 mm, 1024 flexible)
and conformable sensors. The range of measure-
ment of this system is 0—600 mmHg, and the ac-
curacy is ££10%. Maximum interface pressure was
defined as the average of the pressures of the cell
with the highest pressure and the eight adjacent
cells as described for anatomical model positions
by Matsuo et al. [8].

1eydle X 3 times

The secondary outcome was immersion depth
into the support surface, which was measured
using the loading device described above. Before
loading weight onto the anatomical model, a line
was drawn on the column of the frame, and, after
experimentation, a second line was drawn as
described previously {8]. The distance between
the two lines was measured using a ruler (Vernier
Caliper®; Niigata Seiki Corp., Niigata, Japan; range
of measurement, 0—150 mm; Fig. 6).

o

I 1 cycle
3 min l 10min | 10 min I
Meastrement of maxmvmm intecface pressore ! Break
and contact area The anatomical model, loading device, and
bed sheets were snbsequently removed
from the soppost siface.
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Figure 7 Measurement procedures.



