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A B S T R A C T

Aim: In operating rooms, the occurrence of pressure ulcers caused by being in the prone position is the highest
among that of pressure ulcers caused by being in other surgical positions. Thus, we investigated effects of
hardness and shape of urethane foam mattresses for preventing pressure ulcers during surgery performed with
patients in the prone position. We aimed to elucidate how mattresses of variable hardness and shapes affect
compression and displacement of the skin and soft tissues with external force in the prone position.
Material and methods: We assessed effects of two shapes [rectangular cube (RC) and trapezoid cube (TC)] and
four degrees of hardness (50, 87.5, 175, and 262.5 N) in each shape. We performed magnetic resonance imaging
(MRI) of the iliac crests with external force while participants reclined in the prone position on eight different
mattresses.
Results: Compression of the skin and soft tissue was significantly higher with 87.5-, 175-, and 262.5-N mattresses
than that with 50-N mattresses. Skin and soft tissue displacement was higher with TC mattress than that with RC
mattress, and the extent of skin surface and internal soft tissue displacement was different.
Conclusions: Compression of the skin and soft tissue depends on mattress hardness; however, a threshold value
(175 N) for hardness exists, above which no further changes in the parameters were observed. Skin and soft
tissue displacement does not depend on mattress hardness, but rather on its shape. Furthermore, mattress in-
clination increases skin surface displacement.

1. Introduction

In operating rooms, the incidence of pressure ulcers is 12.7%–54.8%
[1–3], with the highest occurrence of pressure ulcers caused by being in
the prone position compared with that of pressure ulcers caused by
being in other surgical positions. In addition, the incidence of pressure
ulcer in each surgical position varies, with an incidence of 1.6%–9.9%
in the supine position, 2.4%–9.1% in the lithotomy position,
19.4%–38.0% in the lateral decubitus position, and 50.0%–51.4% in
the prone position [4,5]. Therefore, such a high incidence of pressure
ulcers during surgery with patient in the prone position is a serious
concern in operating rooms.

Factors leading to pressure ulcers in patients undergoing surgery in

the prone position include pressure and shear force as well as persis-
tence of these external forces. Typically, surgery in the prone position is
used in a Hall frame to fix the left and right sides of the anterior chest
and iliac crest at four support stands during surgeries (Fig. 1) [6,7].
Reportedly, pressure applied to the skin over is high over the bony
protrusions because the contact area between the body and four support
stands is minimal [8]. In addition, because the four support stands are
inclined 20° toward the midline along the curvature of the trunk, shear
force is applied to the skin at the contact surface of the anterior chests
and iliac crests along this inclination. Therefore, periodic position
changes and use of support surfaces are recommended to decrease
pressure or shear force to the skin [9]. However, periodical changes in
position are generally difficult for patients undergoing surgery.
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Consequently, these external forces persist during surgery in the prone
position. Therefore, we realized the importance of investigating support
surfaces to decrease these external forces on four support stands.

The support surfaces on the four support stands require adequate
hardness to decrease external forces; however, the optimum hardness
remains unknown. Support surfaces offer immersion and envelopment
[10,11], which are associated with mattress hardness [12]. Previously,
we have examined the effectiveness of new 175-N urethane foam
mattresses, which were introduced for preventing pressure ulcers re-
sulting from surgery that requires the lateral decubitus position, park
bench position, or prone position, compared with that of conventional
50-N urethane foam mattresses [13]. We have reported that the max-
imum pressure applied to the skin over the bony protrusions was lower
with the 175-N urethane foam mattress than that with the 50-N ur-
ethane foam mattress, and the incidence of pressure ulcers decreased
with the 175-N mattress compared to that with the 50-N mattress, in-
dicating that the 175-N mattress was more effective for pressure ulcer
prevention [13]. However, shapes of mattresses used in this study were
not different from those of mattresses on the four support stands with
inclination. No previous study has investigated the hardness of mat-
tresses on the four support stands [14–22]. Therefore, the effective
mattress hardness that decreases external force on the four support
stands remains unclear.

Visualization of skin and soft tissue deformation is crucial to elu-
cidate effective mattress hardness that decreases external forces.
External force is applied to the skin over the bony protrusions when

reclined in the prone position on the mattress on the four support stands
with inclination. Besides, load applied in the vertical and horizontal
directions deforms the skin surface and internal soft tissue. Perhaps,
mattress hardness that caused less skin and soft tissue deformation was
effective to decrease external force; therefore, detailed visualization of
skin deformation is imperative.

Magnetic resonance imaging (MRI) is effective to visualize skin and
soft tissue deformation. Hence, many studies have used MRI to observe
skin and soft tissue morphology and to evaluate muscle and adipose
tissue thickness [23–30]. MRI can visualize the internal deformation of
the skin and soft tissue with external forces, which cannot be generally
observed. Therefore, we used MRI to visualize skin and soft tissue
compression and displacement occurring when external forces were
applied.

This study aimed to elucidate how variable hardness and shapes of
mattresses affect skin and soft tissue compression and displacement
with external force application in the prone position. Our objectives
were to determine the hardness of mattress that can decrease external
forces, which can be used in the real-life setting.

2. Material and methods

2.1. Subjects

We included healthy volunteers aged 20–60 years who were able to
provide informed consent and had intact skin in the anterior chest and
iliac crest. The exclusion criteria were contraindication for MRI and
difficulty to sustain the prone position. The study was approved by the
Kanazawa University Medical Review Board (approval number 534-1),
and all enrolled participants were publicly and comprehensively ex-
plained about the study design and protection of their privacy.

We recruited 22 healthy volunteers. We excluded two participants
who experienced difficulty in maintaining the fixed prone position in a
narrow MRI device, leaving only 20 participants [9 males and 11 fe-
males; average age (standard deviation), 32.6 (7.8) years; average body
mass index (BMI) (standard deviation), 22.1 (3.9) kg/m2]. Table 1
summarizes subjects’ characteristics according to their BMI.

Fig. 1. Images of (A) top face and (B) side face of the
Hall frame.

Table 1
Subjects’ characteristics.

Underweight
n = 4

Normal weight
n = 10

Overweight
n = 6

Male/Female 2/2 4/6 3/3
Age 31.3 (6.4) 31.8 (7.9) 34.7 (9.3)
BMI 17.2 (0.9) 21.2 (1.9) 27.1 (1.2)

BMI classification was underweight, < 18.5 kg/m2; normal weight, ≥18.5
to < 25.0 kg/m2; overweight, ≥25.0 kg/m2.
Values of age and BMI are shown as averages and standard deviations. Values of
the sex are shown as an integer.

Fig. 2. Shape and size of the mattresses.
Two shapes of mattresses were used—rectangular cube (RC) and trapezoid cube (TC)—with a 20° inclination. The length and breadth of the contact area with the
body (16.5 × 16.5 cm2) and the height of the anterior superior iliac spine (9 cm) remained the same.

A. Kumagai et al. Journal of Tissue Viability 28 (2019) 14–20

15



2.2. Materials

Being metallic, the hall frame did not enable MRI examination.
Therefore, we created the mattresses for MRI (Fig. 2). Mattresses were
of two shapes—rectangular cube (RC) and trapezoid cube (TC)—to
assess the impact of load applied in the vertical and horizontal direc-
tions of the four support stands with a 20° inclination. The size of
mattresses was accurate to perform measurements in a narrow MRI
device and was based on the prototype of mattresses on the hall frame.
Mattresses were of four hardness degrees, 50, 87.5, 175, and 262.5 N,
based on a previous study [13]. Table 2 summarizes properties of
mattresses. We created eight different types of mattresses, four each for
using the left and right sides of the anterior chest and iliac crest.

2.3. Scan protocol

In pretests, analyses were difficult because MRIs of the anterior
chests did not provide a clear image due to respiratory movements.
Therefore, this study targeted the iliac crests.

All subjects were scanned using a 0.4 T open-MR system (APERTO
Eterna; Hitachi, Ltd., Tokyo, Japan). Scans of the left and right sides of
the iliac crest were obtained using the coronal T1-weighted and gra-
dient echo method (time of repetition over time of echo, 220/4.6; field
of view, 350 mm; slice thickness, 5 mm). Moreover, scanning was per-
formed for 20 s at the iliac crest after subjects had remained in a fixed
prone position for 5 min. All subjects held their breath during the 20-s

scan to obtain clear images.
All subjects wore the same thin, short pants without exerting pres-

sure on the skin and soft tissue. We placed markers on the left and right
sides of the anterior superior iliac spines to select images of the same
iliac crest. On eight different mattresses, a vinyl seat was placed to
recline in the same prone position, and the placement of the mattresses
was drawn in the vinyl seat based on the trunk size of the subjects. All
subjects harmonized the midline of the body or the left and right sides
of the anterior superior iliac spine on the vinyl seat and reclined in the
prone position on 8 different mattresses.

MRI of the left and right sides of the iliac crests was performed while
the subjects reclined in the prone position on these mattresses. MRI
without any other external force was performed as control. Fig. 3 il-
lustrates the examination protocol with and without external forces.
Furthermore, we evaluated the thickness of urethane foam mattresses
before the examination to confirm deterioration of the mattresses. The
proportion was maintained at a decrease rate of < 3%.

2.4. Data processing

We individually extracted an image of the anterior superior iliac
spine with marker from MRI, which was scanned 18 times; these 18
images were processed using ImageJⓇ and assessed for skin and soft
tissue compression and displacement. While compression evaluated the
compression of the skin and soft tissue (CS), displacement evaluated the
displacement of marker on the skin surface (DM) and veins in the in-
ternal soft tissue (DV). Fig. 4 presents measurements of CS, DM, and DV
with and without external force.

2.5. Statistical analysis

We calculated deformation rates of CS, DM, and DV. Precisely, va-
lues of the CS, DM, and DV with external force divided by the values of

Table 2
Properties of mattresses.

Hardness (N) 50 87.5 175 262.5
Density (kg/m3) 20 25 50 30

Hardness was measured at 40% indentation load deflection (ILD). ILD was
tested with a sample size of 50 × 380 × 380 mm3.

Fig. 3. Examination protocol and images obtained without and with the external force.
Images of the left and right of the iliac crests were obtained (A) without and (B) with external force. Each subject reclined 9 times in the prone position and was
scanned 18 times. The washout time was 5 min between each prone position to eliminate the effect of the repeat examination of the skin and soft tissues.
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the CS, DM, and DV without external force was the deformation ratio of
CS, DM, and DV, respectively. Deformation rates of CS, DM, and DV
were averaged in the left and right sides of the iliac crest.

We performed univariate analysis and subsequently, multivariate
analysis to elucidate the influence on the deformation rate of the CS, DM,
and DV for different mattresses with variable hardness and shapes. In
univariate analysis, paired t-test was used to assess any considerable
differences in deformation rates of CS, DM, and DV and difference in
shapes of mattresses. In addition, one-way repeated measures analysis of
variance and multiple comparison of Bonferroni were used to test any

considerable differences in deformation rates of CS, DM, and DV and
difference in the hardness of four types of mattresses. In multivariate
analysis, BMI was added as an independent variable, and multiple re-
gression analysis was performed using a stepwise selection method to
determine significant independent variables for deformation rates of CS,
DM, and DV. All qualitative variables were converted to numbers as
dummy variables, the reference categories for which are as follows: sex,
male; BMI, normal weight; shape of the mattresses, RC; and mattresses
hardness, 50 N. Furthermore, multiple linear regression analysis was
performed to estimate deformation rates of CS, DM, and DV according to

Fig. 4. Measurement of the compression of the skin and soft tissue (CS) and the displacement of marker on the skin surface (DM) and the vein in the internal soft
tissue (DV) on the images.
(A) The iliac crest of the right side of the coronal section with external force while reclining in the prone position on an 87.5-N RC mattress in a female aged 23 years,
with a BMI of 20.8 kg/m2, is shown. White dotted area is expanded, and examples of measurements of CS, DM, and DV are shown in (B), (C), and (D), respectively.
CS = distance between the anterior superior iliac spines and the perpendicular skin. DM = distance between the anterior superior iliac spines and marker.
DV = distance between the anterior superior iliac spines and the internal iliac vein.

Table 3
Deformation rate of the compression of the skin and soft tissue (CS) and the displacement of marker on the skin surface (DM) and vein in the internal soft tissue (DV)
while reclining on mattresses with two shapes and four degrees of hardness (N = 20).

Parameter Rectangular cube Trapezoid cube

50 N 87.5 N 175 N 262.5 N 50 N 87.5 N 175 N 262.5 N

Compression of the skin and soft tissue 0.34
(0.25)

0.41
(0.26)

0.46
(0.25)

0.42
(0.22)

0.33
(0.25)

0.40
(0.26)

0.45
(0.27)

0.50
(0.24)

Displacement of the marker −0.40
(0.39)

−0.38
(0.34)

−0.37
(0.35)

−0.26
(0.31)

−0.33
(0.28)

−0.58
(0.49)

−0.47
(0.52)

−0.54
(0.47)

Displacement of the vein 0.13
(0.06)

0.14
(0.06)

0.16
(0.06)

0.17
(0.07)

0.12
(0.07)

0.13
(0.07)

0.13
(0.09)

0.14
(0.06)

Values are shown as averages and standard deviations.
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sex, BMI, shape, and mattresses hardness. Data are presented as integers
for categorical variables or averages and standard deviations for con-
tinuous variables. All statistical analyses were performed using SPSS 24.0
(IBM Inc., Tokyo, Japan), and significance level was 0.05 or 0.01.

3. Results

3.1. Deformation rates of CS, DM, and DV with mattresses of two shapes
and four degrees of hardness

Deformation rates of CS did not exhibit any significant difference
between mattress of two shapes (P = 0.368), but exhibited a significant
difference among mattresses with four degrees of hardness (P < 0.001).
Deformation rates of CS were significantly higher with 87.5-, 175-, and
262.5-N mattresses than with 50-N mattresses (P= 0.017, P < 0.001,
and P < 0.001, respectively). Moreover, Deformation rates of CS were
significantly higher with 175-N than with 87.5-N mattresses (P = 0.011;
Table 3). Deformation rate of DM was significantly higher with TC
mattress than with RC mattress (P = 0.002), but it was not significantly
different among mattresses with four degrees of hardness (P= 0.121).
Deformation rate of DV was significantly higher with RC mattress than
with TC mattress (P= 0.001), and it was significantly different among
mattresses with four degrees of hardness (P < 0.001). Moreover, de-
formation rates of DV were significantly higher with 175- and 262.5-N
mattresses than with 50-N mattresses (P= 0.025 and P < 0.001, re-
spectively). Deformation rate of DM was significantly higher than that of
DV with RC and TC mattresses (P < 0.001 and P < 0.001, respectively;
Fig. 5), and deformation rate of DM was negative with RC and TC mat-
tresses. Deformation rate of DV was positive with RC and TC mattresses.
Therefore, DM was longer with external force than that without external
force. DV was shorter with external force than that without external
force. Furthermore, deformation rate of DM was higher than that of the
DV with RC and TC mattresses by approximately 2.4 and 3.7 times, re-
spectively.

3.2. Effective independent variables for deformation rates of CS, DM, and
DV

Underweight; overweight; and mattresses of hardness 175, 262.5,
and 87.5 N were significant predictors of deformation rates of CS
(Table 4). Overweight, female gender, and TC were significant pre-
dictors of deformation rates of DM (Table 5). Underweight, obesity, and
female gender were significant predictors of deformation rates of DV
(Table 6).

4. Discussion

We, for the first time, obtained four novel findings regarding effects
of reclining in the prone position on mattresses with variable hardness
and shapes. First, skin and soft tissue compression was higher while
reclining on mattresses with four degrees of hardness, but it did not
change after a hardness value of 175 N was reached. Second, mattress
inclination affected displacement on the skin surface. Third, displace-
ment of the skin surface and internal soft tissue was different. Finally,
displacement of the internal soft tissue was not associated with the
hardness and shape of mattresses. Regarding displacement of the skin
and soft tissue, it was the examination by new parameters of skin sur-
face and internal soft tissue, which were not found in the previous study
[23–30].

Deformation rate of CS was higher with harder mattresses, yet de-
formation rates of CS with 175- and 262.5-N mattresses were the same
(Table 3; Fig. 6), suggesting that the skin and soft tissue over the iliac
crests were significantly more compressed with a harder mattress, but
this degree of compression remained unchanged after a certain degree
of hardness. We deduced that there exists a limit to the compression of
the skin and soft tissue had a limit regardless of increase in hardness
after a certain degree. Shabshin et al. have reported that the com-
pression of the soft tissue over the ischial tuberosity significantly de-
creased with the use of wheelchair cushions with an elastic modulus of
64 kPa compared to that with the use of wheelchair cushions with an
elastic modulus of 85 kPa [28]. These findings are contradictory to our
Results that reclining on harder mattress decreased the compression of
the skin and soft tissue over the anterior superior iliac spines. There-
fore, we concluded that the compression of the soft tissue over the is-
chial tuberosity decreased with the use of wheelchair cushions with an
elastic modulus of 64 kPa compared to that with wheelchair cushions
with an elastic modulus of 85 kPa because the former were “bottoming
out” by difference in physique of subjects [BMI of patients in Shabshin
et al. and our study was 23.5 (3.2) and 22.1 (3.9) kg/m2, respectively].

Under the experimental conditions of this study using mattresses
with four degrees of hardness and two shapes (with and without 20°
inclination), deformation rate of DM was approximately 1.3-times
higher while reclining on TC mattresses than that while reclining on RC
mattress, suggesting that the skin over the iliac crests, which was af-
fected by 20° inclination of the mattress, was 1.3-time more displaced.
We deduced that the mattress with this inclination exerted 1.3-times
greater shear force on the skin surface than did the mattress without the

Fig. 5. Comparisons of deformation rates between the displacement of marker
on the skin surface (DM) and vein in the internal soft tissue (DV) while reclining
on mattresses with two shapes (N = 20).
†P < 0.01, paired t-test.

Table 4
Effective independent variables for deformation rates of the compression of the skin and soft tissue (CS).

Unstandardized Coefficients Standardized Coefficients t p The 95% confidence interval

B St. Error Beta The lower limit The upper limit

(Constant) 0.386 0.026 14.699 0.000 0.334 0.438
Underweight −0.430 0.031 −0.690 −13.844 0.000 −0.491 −0.369
Overweight 0.116 0.027 0.214 4.295 0.000 0.063 0.170
175 N 0.123 0.033 0.214 3.705 0.000 0.057 0.189
262.5 N 0.122 0.033 0.211 3.660 0.000 0.056 0.187
87.5 N 0.071 0.033 0.123 2.131 0.035 0.005 0.136

A significant regression equation of deformation rate of CS is shown [F (5, 154) = 59.427; P < 0.001], with an R2 of 0.659.
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inclination, thereby increasing the risk of causing pressure ulcers.
Deformation rate of DM 3.1-times higher than that of DV (RC and

TC by approximately 2.4 and 3.7 times, respectively, with values
averaged). DM increased and DV decreased by the application of ex-
ternal force (Table 3; Fig. 5), suggesting a difference in displacement
between the skin surface and internal soft tissue. Therefore, we deduced
that the anatomical dynamics of the skin surface tissue and muscle and
fat tissue of the internal skin varied. Precisely, DM was longer because
the skin surface was pulled, and DV was shorter because the internal
soft tissue was compressed.

This study has two limitations. First, the examination was limited
because subjects reclined in the prone position on the mattresses in a
narrow MRI device with a body coil of 30-cm height and 119-cm cir-
cumference. Therefore, obese subjects (BMI ≥30 kg/m2) could not
participate in MRI examination. Second, because the mattress thickness
was constant at 9 cm, the skin and soft tissue deformation could not be
assessed with other thicknesses. However, to elucidate effective mat-
tress hardness, in vivo examinations of subjects with different BMI while
using mattresses of different thickness are difficult. In future, therefore,
we will consider the simulation of compression and displacement using
a finite element approach on the basis of these MRI data.

5. Conclusions

This study evaluated using MRI, the compression and displacement
of the skin and soft tissue over the iliac crests with external force while
reclining in the prone position on mattresses with four degrees of
hardness and two shapes. The compression of the skin and soft tissue
depends on mattress hardness; however, a threshold value (175 N) for
hardness exists, above which no further changes in the parameters were
observed. The displacement of the skin and soft tissue does not depend
on mattress hardness but rather on mattress shape. Furthermore, mat-
tress inclination increases the displacement of the skin surface. The skin
surface and internal soft tissue parameters used to examine the dis-
placement of skin and soft tissue are useful. We believe that this study
would contribute to the prevention of pressure ulcers during surgery in
the prone position, which underlies the highest incidence of pressure
ulcers.
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