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Abstract: The prevention of the pressure sore is a serious problem for patients with spinal cord
injuries (SCI). It is the most important for SCI patients to relieve the buttock pressure for preven-
tion of pressure sore. Many kinds of pressure-relieving cushions and mattress have been devel-
oped to distribute the weight evenly and widely. We previously measured the buttock pressure of
SCI patients using Tekscan pressure measurement system to evaluate the pressure distribution. In
this study, we propose the evaluating system of the buttock pressure distribution. Using this sys-
tem, the medical staffs can easily adjust the air quantity of the air cushion for each SCI patient for
prevention of the pressure sores. Moreover we measured the buttock pressure in four kinds of
posture on the bed to indicate the pressure relieving effect of the mattress. The air mattress has a
high pressure relieving effect at the sacro-coccygeal regions in all postures on the bed.
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1. INTRODUCTION

The pressure and tolerance of tissue are big
factors in the development of pressure sores[1].
Many kinds of pressure-relieving cushions and
mattresses have been developed to distribute weight
evenly, and over the widest surface area of the
body [2], [3]. In rehabilitationmedicine, physicians
and physical therapists (PTs) assist the patients in
selecting wheelchair cushions and mattresses. They
sometimes adjust the cushion, if necessary. It is
very important for physicians and PTs to evaluate
the pressure distribution of the cushion and mat-
tress selected.

D.Brienza et al suggested that it is not pressure
alone but rather the resulting tissue deformation that
results in the development of pressure sores [4].
L. Conner reported on tissue deformation using a
computed tomography (CT) scan [5]; however,
these measurements do not adequately assist per-
sons in rehabilitation medicine when selecting or
adjusting wheelchair cushions and mattresses. An-
other approach, therefore, has been to measure the
interface pressure using a pressure mapping sys-
tem [6], [7]. We previously measured the buttock
pressure distribution of SCI patients using the
Tekscan pressure measurement system, and re-
ported that the air cushion was the best among the
five cushions tested, which consisted of the air cush-
ion, a contour cushion, a gel cushion, the
Cubicushion, and a urethane foam cushion [8]. We

calculated six parameters to evaluate the buttock
pressure distribution for SCI patients, and repre-
sented these parameters on a radar plot in order to
help medical staff select and adjust wheelchair
cushions [9].

In this study, we measured the buttock pressure
of SCI patients, and proposed a system for evalu-
ating buttock pressure on the wheelchair, in order
to make the best air adjustment of the air cushion.
Next, we measured the buttock pressure of SCI
patients on beds, in order to assess the pressure
relieving effect of the mattress, and the risk of pres-
sure sore development when sitting up in bed.

2. MEASUREMENT SYSTEM

Figure 1 shows the Tekscan “Big-Mat” pres-
sure measurement system. As a sensor seat con-
sists of 48pixels x 43pixels, we can measure the
buttock pressure at 2,064 points simultaneously with
minimal error. This sensor seat is 2 mm thick and is
soft, which allowed us to measure the pressure on
soft objects, such as cushions and beds. The error
caused by creep characteristics was large. After
having the subjects sit on the wheelchair cushion
for 1 minute, we measured the pressure in order to
reduce the error caused by the creep characteris-
tics of the sensor [8].

Figure 2 shows the 2-D representation of the
pressure distribution. Data is displayed in 16 shades
of gray. High-pressure areas are black, low are
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Fig.1 Tekscan pressure measurement system.
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Fig.2 2-D pressure distribution
of SCI patient.

Fig.3 Air cushion.

white, and middle are gray. SCI patients tend to
develop pressure sores in their ischial tuberosities,
greater trochanter, and sacro- coccygeal regions.
Areas of high pressure are observed at these ar-
eas for all subjects. In this SCI patient, the high-
pressure area is observed around both ischial tu-
berosities and at the sacro-coccygeal regions. The
medical staff can learn the location of high-pres-
sure area and its size from the 2-D representation
of the pressure distribution. Moreover, he or she
can find out, from this representation, whether the
SCI patient anteriorly or posterioly sits on their
wheelchair.

3. MEASUREMENT ON WHEELCHAIR
3.1 WHEELCHAIR CUSHION

The air cushion consisted of many rubber air
cells, shown in Figure 3. SCI patients can easily
adjust the quantity of air in the cells using an air
pump. Most SCI patients use this cushion because
of the even pressure distribution, and because of
the ease of adjustment using the air pump. Be-
cause the influence of the air pressure on pressure
distribution is large inthe air cushion, itis important
that the medical staff carefully adjust the air quan-
tity in the cushion [10].

3.2 EVALUATION SYSTEM

It is necessary for medical personnel and their
SCl patients to evaluate the pressure distribution in
detail, using the parameters for adjustment of the
air quantity in the air cushion. To assist medical
personnel in evaluating the buttock pressure distri-
bution of SCI patients, we made our calculations
using the following six parameters to evaluate the
pressure distribution, sitting balance, and patient
posture on the wheelchair:

(1) Maximum pressure (M.P.)

(2) Contact area (C.A.)

(3) High-pressure area (H.A.)

(4) Tip rate (T.R.)

(5) Sitting balance (S.B.)

(6) Sitting position (S.P.)

The tip rate, sitting balance, and sitting position
are calculated from the top-five projections. The
horizontal top-five projectionis calculated from the
2-D representation of the pressure distribution, as
shown in Figure 4. The pixel values at the i-#h hori-
zontal line of an image, f, are rearranged so that
they are in decreasing order. The top five pixel
values, that is, the largest pixel value g(i,1), the
next-largest pixel value g(i,2), all the way down to
the Sth-largest pixel value g(i,5), are taken from
the sorted pixel values. The horizontal top-five pro-
jection at the i-th line is then defined by

5
TFPx(i) :%Zg(i,k). (1)
k=1

The horizontal TFPx is obtained by calculating
TFPx(i) for each horizontal line. Figure 5 shows
the horizontal TFPx, the vertical top-five projec-
tion (TFPy), and an approximate Gaussian curve
around the peak point of the TFPx. The data
h(1),h(2),...h(n) as shown in figure 5, are picked
up from the TFPx around the peak point, and are
approximated by the Gaussian curve G'(i). The tip
rate (T.R.) is then defined as
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Fig.4 2-D representation of buttock pressure distribution

and horizontal top-five projection.
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where TFPy-R is the value of the
maximum right point in the 7FPy, and
TFPy-L is the value of the maximum left
point in the TFPy.

The six parameters are represented
on the hexagonal radar plot shown in Fig-
ure 6. In this figure, an inner perfect hexa-
gon shows the mean of each parameter
for 25 SCI patients using the air cushion.
Each parameter is put on each axis after
normalization with standard deviation of
each parameter. The medical staff can
then learn the position and the approxi-
mate size of a high-pressure area from
the 2-D representation of the pressure dis-
tribution, and the exact size of a high-pres-
sure area fromthe H. A. on the radar plot.
The T.R. shows the concentration of pres-
sure. When the SCI patient has a large

WXL
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Fig.5 Horizontal top-five projection (TFPx),
vertical top-five2 projection (TFPy) and an

approximate Gaussian curve.

a

=% (2)

where a is the peak value of the approximated
Gaussian curve, and b is defined as

T.R.

G(b) = % G(0) = a. 3)

We define the length between the maximum
point of the TFPx and the back end of the buttock
as the sitting position (S.P.). The sitting balance
(S.B.) is defined by

|rFP,_ -TFP,, |

= x 100
TFP, . +TFP,,

“4)

M.P.
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Fig.6 Hexagonal representation
of 6 parameters.
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T.R. and M.P., the medical staff must
carefully adjust the air quantity in the air
cushion. When the SClI patient has a large
S.P. on the radar plot, she or he sits ante-
riorly on the wheelchair. When the SCI
patient has a large S.B. on the radar plot, the medi-
cal staff must assist the SCI patient in maintaining
a correct posture.

3.3 AR ADJUSTMENT
OF AIR CUSHION

Figure 7 shows the relation between the con-
tact area and the air pressure in cells, and between
the maximum pressure and the air pressure in cells
with a healthy subject. The maximum pressure and
the air pressure have a proportional relationship,
whereas the contact area and the air pressure have
a hyperbolic relationship. In this figure, the patient’s
weight is distributed evenly and over the widest
surface area when the quantity of air in each cell is
small. Due to the bottoming caused by the small

Contact area [cm?] Maximum pressure [gf/cm?]
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1300 \ / 200
1200] 150
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Maximum pressuré
1000 . . N . . 50
10 20 30 40 50 60 0

Air pressure [gt/cm*|

Fig. 7 Relation between contact area and air
pressure, and between maximum pressure
and air pressure.
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Fig.8 Contact area and maximum pressure
of the air cushions adjusted to the
atmosphere pressure.

quantity of air, however, the maximum pressure
becomes large. Because the pressure relieving ef-
fect is large in the air cushion, it is important for
medical staff to carefully adjust the air quantity in
the cushion.

Figure 8 shows the relation between the maxi-
mum pressure and the contact area in 27 SCI pa-
tients and 12 healthy subjects after the adjustment
to atmospheric pressure. The maximum pressure
of the SCI patients ranged from 93.8 to 540.7gf/
cn?; the average was 255.3gf/cn?. The maximum
pressure of the healthy subjects ranged from 81.8
to 151.9 gf/cm?, with an average of 101gf/cn?. The
maximum pressure of the SCI patients was much

Air pressure [mmHg]

larger than the healthy subjects. The maximum pres-
sure is greater among the SCI patients. The rea-
son is thought to be the lack of muscle and fat
around both ischial tuberosities, which occurs in
many SCI patients after injury.

Because the maximum pressure differs among
each SCI patient, and the influence of the air pres-
sure onpressure distribution is large in the air cush-
ion, it is important for medical staff to carefully ad-
just the air in the air cushion for each SCI patient.
We measured the buttock pressure distribution of
the SCI patient when he or she sat on an air cush-
ion adjusted to the atmospheric pressure. We then
evaluated the buttock pressure distribution of the
SCI patient. Figure 9 shows the 2-D representa-
tion of the pressure distribution, the diagram of the
relation between the body weight and air pressure,
the diagram of the relation between the contact
area and the maximum pressure, and the hexago-
nal radar plot. In this SCI patient, the high-pres-
sure area was observed around both LT. (ischial
tuberosities), and in the S.C. (sacral coccygeal re-
gions). Therfore, the medical staff can learn, from
this representation, the position and the approxi-
mate size of a high-pressure area. Moreover, he or
she can understand whether the SCI patient ante-
riorly or posterioly sits on their wheelchair. From
the scatter diagram of'the air pressure and the body
weight, the medical staff find out whether the best
air pressure adjustment has been made. From the
radar plot and the scatter diagram of the maximum
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High pressure area(H.A.) 2.7(Normal)
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¢) Relation between contact

Tip rate (T.R.) 2.9(Normal)
Sitting balance (S.B.) 1.9(Good)
Sitting position (S.P.)  4.4(Shallow)
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Fig. 9 The evaluating system of the buttock pressure distribution for prevention
of pressure sores.
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pressure and the contact area, he or she can easily
evaluate the pressure distribution, air adjustment,
and posture of the patient on the wheelchair. When
the M.P., T.R. and H.A. are large, the medical staff
must carefully adjust the air quantity of the air cush-
ion. The medical staff should instruct SCI patients
on correct posture on the wheelchair, when his or
her S.P. and S.B. are large.

4 36 mmHg

0 32 mmHg

4 28 mmHg

T.R.

Fig.10 Hexagonal radar plot in adjustment
of air cushion.

Figure 10 shows the results of the adjustment
of the air cushion. Because the subject had a large
maximum pressure, it was necessary for the medi-
cal staff to adjust the air pressure of the cushion.
The air pressure was 36mmHg when the SCI pa-
tient sat on the air cushion that was adjusted to the
atmospheric pressure. Because the M.P. was very
large, the physician reduced the air pressure to
32mmHg. The hexagonal radar plot became
smaller than that of the air cushion with the large
air pressure (36mmHg). Next, the physician let out
a little more air from the air cushion, and the air
pressure decreased to 28mmHg. The hexagonal
radar plot became larger than that of the air cush-
ion with the middle air pressure (32mmHg). An air
cushion with 32mmHg air pressure was thought to
be suitable for this SCI patient.

4. MEASUREMENT ON BED

4.1. PRESSURE RELIEVING
EFFECT OF MATTRESS

Many SCI patients use a pressure-relieving
mattress to distribute their body weight evenly, in
order to help prevent pressure sores. Quadriplegic
patients have an especially high risk of developing
pressure sores, because they sit or lie in bed for
long periods of time. They often have meals, read
books, and use the computer while sitting up in bed,
as shown in Figure 11. Therefore, it is vital for
medical staff treating these patients to measure the
amount of buttock pressure on the bed, when the
patient is using a pressure-relieving mattress.

Many pressure-relieving mattresses have been
developed to reduce the interface pressure at par-
ticularly susceptible areas (the ischial tuberosities,
sacro-coccygeal region and heels) on the bed. Fig-
ure 12 shows the two-dimensional pressure distri-
butions of a healthy subject sitting on a wheelchair
equipped with a urethane foam wheelchair cush-
ion, and lying and sitting on a bed using the mat-
tress. A high-pressure area is observed at both is-
chial tuberosities when the subject was sitting on
the wheelchair cushion. In constant, the pressure
was large at the sacro-coccygeal region when the
subject sat or lay on the bed using the mattress.

e

28588288

=

a) Wheel chair cushion
(urethane foam)

b) Mattress (polyester)
Lying position

¢) Mattress (polyester)
Sitting position

Fig.12 Buttock pressure distribution on wheelchir and bed.
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Fig.13 Maximum pressure
at sacro-coccygeal region.

This figure shows that SCI patients, who spend a
long time in bed, should be careful about the condi-
tion of their skin at their sacro-coccygeal region,
because the pressure at the sacro-coccygeal re-
gion is great, not only when the patient is sitting,
but also when he or she is spine position.

High level SCl patients, who cannot move their
body by themselves, usually use an air mattress,
because the prevention of pressure sores is the very
important. But some SCI patients with mobility,
never use mattresses made of fluid material such
as air and water, because it is difficult for them to
move, lift up, and transfer their body from bed to
wheelchair on these kinds of mattresses. It is nec-
essary for SCI patients and their medical staff to
select the best mattress for each patient, taking into
consideration the patient’s pressure distribution and
mobility on their bed. We measured the buttock
pressure distribution of 14 healthy subjects using
three types of mattress. SCI patients were able to
move easily on Mattress A, which was made of
polyester material, and many patients in our reha-
bilitation center use this mattress. SCI patients were
able to move and push themselves up on Mattress
B, which was a polyurethane foam mattress. Mat-

Pressure [gf/cm?]
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Gatch bed angle a [deg]

Fig. 14 Pressure at the
sacro-coccygeal region.

tress C was made of soft polyurethane foam, and
the SCI patients who had a good ability to push
themselves up were able to move and push them
up on this mattress. Figure 13 shows the maximum
pressure at the sacro-coccygeal region in the sit-
ting and spine position for 14 healthy subjects. The
pressure exerted in the sitting position was over
20% greater than that in the spine position. The
maximum pressure of mattress B was about 20%
smaller than mattress A, and the maximum pres-
sure of mattress C was over 30% smaller than
mattress A. We are able to reduce the pressure on
the sacro-coccygeal region in the SCI patients to
less than 80 % using the soft urethane foam mat-
tress. Significant differences were observed be-
tween mattress A and mattress B, mattress B and
mattress C, and mattress A and mattress C in the
spine position using the Student’s #-test (P<0.01).
Significant differences were observed between
mattress A and mattress B, and mattress A and
mattress C (P<0.01). No significant difference was
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Fig. 15 Pressure at the ischial tuberosity .

found between mattress B and mattress C in the
sitting position (P<0.01).

Many quadriplegic patients spend most of the
day on a Gatch bed. They sometimes sit and el-
evate the head of the bed, as shown in Figure 11. It
is very important for physicians and nurses to evalu-
ate the pressure distribution of the mattress, and
the patient’s posture on the bed. Figure 14 shows
the pressure at the sacro-coccygeal region of six
SCI patients. The Gatch bed angle a equals 0, 30,
60 and 72 [deg]). Patients A, B, and C used mat-
tress A made of polyester, and patients D, E, and F
used the air mattress. The three SCI patients’ pres-
sures at the sacro-coccygeal region were much
higher than the healthy subjects’ pressures in the
spine position (Gatch bed angle equals 0[ deg]) us-
ing mattress A, shown in Figure 13 and 14. When
the Gatch bed angle was more than 30 [deg], the
pressure of the SCI patients who were using mat-
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tress A were very high; more than 400 [gf/cm?]. The
pressure at the sacro-coccygeal region of the SCI
patients who used the airmattress were small inall of
the Gatch bed angles measured. The graph shows
that the air mattress has a better pressure-relieving
effect at the sacro-coccygeal region in all of the pos-
tures assumed by the patients’ than mattress A.

The pressure at the ischial tuberosity onthe spine
position (Gatch bed angle a was 0 [deg]) and the
Gatch bed angle setting 30 [deg] was less than 150
[gf/cny’], as shown in Figure 15. The pressure at
the ischial tuberosity was more than 200 [gf/cm?]
on a Gatch bed angle setting of 60 [deg]. The pres-
sure was very high (more than 300 [gf/cm?]) on
the Gatch bed angle setting at the maximum de-
gree of (72[deg]). According to this figure, itis clear
that the air mattress and the polyester mattress have
no pressure relieving effect at the ischial tuberosi-
ties when the patient is sitting.

Figures 14 and 15 show that the air mattress has
the greatest pressure relieving effect at the sacro-
coccygeal region inall postures assumed on the bed.
However, the mattress has no pressure relieving ef-
fect at the ischial tuberosities when the patient is
sitting up in bed. SCI patients who are at high risk
fordeveloping pressure sores should use an air mat-
tress or a mattress, which has a pressure-relieving
effect, and should not sit up in bed for a long time.

5. CONCLUSION

In rehabilitation medicine, it is important to re-
duce the SCI patients’ buttock pressure when sit-
ting in a wheelchair and in bed, in order to reduce
the occurrence of pressure sores.

In this study, we proposed a supporting system
for making air adjustments of the air cushion. Us-
ing this system, we were able to evaluate the but-
tock pressure distribution for each SCI patient, and
decide ona suitable air pressure for the air cushion
used by each SCI patient.

We measured the buttock pressure on the bed
using three types of mattresses to evaluate the pres-
surerelieving effect of the mattress. The results show
that SCI patients should take care not to put too much
pressure on the skin at the sacro-coccygeal region,
especially when they spend a long time sitting up in
bed. The best pressure relieving effect was observed
in the polyurethane foam mattress, because the
maximum pressure ofthe polyurethane mattress was
20% less than that of the polyester mattress. We
measured the buttock pressure in four kinds of pos-
tures on the Gatch bed, in order to indicate the dif-
ferences of pressure distribution in sitting postures
on the bed. The pressure at the ischial tuberosities
rose the Gatch bed angle increased. The air mat-

tress has a high pressure relieving effect at the sacro-
coccygeal region in all postures on the bed. How-
ever, SCl patients should not sit up in bed for a long
time, because the air mattress and the polyester
mattress had no pressure relieving effect on the is-
chial tuberosities when the patient was sitting. Inthe
future, measurement of buttock pressure in patients
has to be made using many kinds of mattresses, for
the purpose of both suggesting a suitable mattress
foreach SCI patient, and giving eachpatient instruc-
tions on posture when in bed.
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