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Abstract

Pressure ulcer is defined as the injuries resulted in the areas that are exposed to pressure for a long time in bedridden patients. It is a major
problem that threatens these kinds of patients. The major risk factors cause pressure ulcer formations are pressure, temperature, humidity,
and wetness.Pressure ulcers can occur in different body regions according to these factors. Therefore,the features of the body region that
exposed to the risk factors are also important for pressure ulcer formation since the weight, sweating coefficient, and temperature values of
the different parts of the human body vary. The human body can be evaluated in six regions as head, trunk, arm, hand, leg, and feet. In this
study, the pressure ulcer formation risks for different body regions were calculated according to varying pressure, skin temperature, and
humidity values by an improved formulation. And the pressure ulcer risks changes for the six regions of the body are evaluated.
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1. Introduction

The pressure ulcer is usually local tissue damage due to shearing with pressure or only pressure on the bone protrusions [1]. The most
important reason for the formation of pressure ulcer is that the patients stay in the same position for a long time. For this reason, it is common
in patients who have been depended on bed for a long time in [2] and [3]. In addition, factors such as urinary incontinence, diabetes, and
vascular diseases that delay the healing of wounds adversely affect the treatment process while accelerating pressure ulcer formation in [4].
The risk factors for pressure ulcer formation include internal factors, such as infection, nutrition, age, weight, and skin temperature; and
external factors such as pressure, shear force, ambient temperature, and humidity [5].

Pressure ulcer can progress at different rates in each patient due to these factors. This makes personal treatment particularly important. The
European Pressure Ulcer Advisory Panel (EPUAP) and the National Pressure Ulcer Advisory Panel (NPUAP) of the United States examine
the pressure ulcer in four stages lined up from the beginning as reddening discoloration, partial loss of the dermis layer, loss of skin and
subcutaneous tissue layers, and full thickness tissue loss [1]. Some indicators are used by nurses to evaluate pressure ulcer risk in the patients
at the hospitals. These charts mainly can be named as Norton, Waterlow, Braden, Gosnell, and Oh scales in [6].

Many patients in hospitals, especially bedridden ones, are at risk of developing pressure ulcers. Besides, many of them are being treated for
pressure ulcer. In that regard, it seems like pressure ulcer is causing physical capacity and cost problems in hospitals and nursing homes,
as well as reducing the life quality of patients. It is observed that the cost of preventing pressure ulcer seems to be lower than the cost of
treatment of the illness in [7]. In that sense, pressure ulcer preventing studies becomes even more important.

Since the human body has different values of sweating coefficient, skin temperature, and pressure for different regions, in this paper, the
pressure ulcer risk is calculated using an improved formula for different body regions, head, trunk, arm, hand, leg, and feet.

In the second part, a general literature review is given. In the third section, the regional risk calculation is shown on the graphs and the data
on the graphs are examined. The results of the evaluation of the examined graphics are presented in the last section.

2. Literature Review

External factors such as pressure, temperature, and humidity are commonly evaluated in studies to prevent pressure ulcers. Among them, the
pressure was found to be the most effective factor in [8]. When the studies in the literature are examined, it is seen that mattresses made up
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of sensors or sensor arrays are used to measure the relevant factors. In this context, some of the studies carried out have used commercial
mattresses. In some cases, special mattress designs were made for the researches because of the high costs of the commercial mattresses.
An intelligent bed receiving information from different sensors placed on the bed to measure values such as the patient’s pressure map,
humidity, temperature, blood pressure, and mobility has been proposed by [9] .

Pereira et al. developed an active monitoring system that warns the nurse when the measured humidity values exceed a certain threshold
using a textile humidity sensor matrix in [10].

El-Fehri et al. proposed an algorithm for confirming the pressure distribution on a mattress that is divided into cells and composed of pressure
sensors in [11].

Ostadabbas et al. first designed a new scheduling algorithm that targets patients to change their positions at calculated intervals in [12]. Then,
the designed algorithm was developed and the average time between patient positions was calculated using CSP (Constrained Shortest Path)
algorithm in [13] and [14]. Thus, it is aimed to reduce the total cost of nursing service by estimating the time of relocation of each patient
and future position information.

In a study carried out by Farshbaf et al. using a commercial mattress, a software platform was proposed for monitoring pressure ulcer
formation in [15]. The developed software calculates the risk of pressure ulcer formation for different body regions of the patient and
determines the next position.

Gefen has developed a mathematical model for the prevention of pressure ulcer. In this model, critical time is calculated depending on the
effects of pressure, temperature, and humidity in [16]. This critical time gives an idea of the estimated time for pressure ulcer formation.
The mathematical model proposed by Gefen [16] was developed with adding the wetness parameter by Demircan et al. [17]. The obtained
simulated results show that the wetting parameter has an effect of accelerating the pressure ulcer formation.

In order to prevent pressure ulcers, Mishu et al. developed a new support surface model by adhering to the Maxwell model, the Kelvin-Voigt
model, and the Maxwell Wiechert model, thereby reducing the ulcer formation according to the feature of the support surface in [18].

In studies conducted to prevent pressure ulcer, it is important to work on the human thermal model since the change of human body
temperature, sweating rate, and evaporation of sweating are also important. These studies can be given as follows.

The rate of sweating, which is important for the calculation of pressure ulcer risk, has been calculated by Nadel et al. [19] and by Fiala et al.
[20].

The realization of the sweating brings the sweat evaporation. Calculation for the sweating evaporation is done by using the formulas
developed in several studies in [21], [22], [23] and [24].

In this section, we refer to studies in the literature to prevent pressure ulcers. These studies show that the number of studies on regional
differences in the body is low. Because different body regions have different characteristics due to sweating, skin temperature, weight, etc., it
seems that regional examination of pressure ulcer risk is important for preventive studies.

3. Mathematical Model

In this study, we aimed to determine the pressure ulcer risk in different regions of human body. Therefore, we derived a mathematical model
by using the general pressure ulcer risk formulation of Gefen [16] given in the equation 3.1, the sweating rate formula given in [26] as in the
equation 3.2 and proposal by Demircan et al. [25] about the rate of evaporation of perspiration given in Equation 3.3. In their proposal,
Demircan et al. [25] calculated the rate of evaporation of perspiration for the different regions of human body and proposed to use these rate
in the formula given by Gefen [16].
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In (3.1), Sw, Ev and Dr are the rate of production of perspiration, the rate of evaporation of perspiration and the rate of drainage of
perspiration out of the body region via the covering, respectively. In (3.2), yx is the sweating coefficient for each body region given in
[20], PI is the amount of water that is lost during sweating without awareness (0.63g/min), Ty is body temperature and Ty is hypothalamus
temperature (core temperature). Wy and Wy are shown with the following equations.

W = ay tanh (By1(Ts — Tyo) — Bio) + cio (3.4

Wr = oy tanh (B (T — Tro) — Bao) + 0o (3.5)

As indicated in [27], Tyo and Ty represent the initial temperatures at the thermo-neutral conditions.
The equation (3.2) defines the sweating rate for a human body [26]. On the other hand, in order to using this rate in the equation (3.1), we
divided it by the maximum amount of sweating for a human body, Swmax = 16.2(g/min), given in [24].

_ Yx {W,AT; + Wy ATy } 2(T=To)/10 4 pr

SWmax

Sw

(3.6)

In the equation (3.3),ke is the evaporative heat transfer coefficient, he = k x he (k = 2.2K /Torr), (Torr is a pressure unit equal to mmH g)and
hc is heat transfer coefficient, Pa is the water vapor pressure at the ambient temperature, Ps is the water vapor pressure at the body
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temperature, Ad is the body area, w is the wetness [24] and Fpcl is permeation efficiency factor of clothing. In the same manner
by the sweating rate formula, the equation (3.3) should also be divided by the maximum amount of evaporation of the perspiration,
Evmax = (he x Fpcl x (Ps — Pa) x Ad) as given in the equation (3.7) [27].

P he x Fpcl x (Ps— Pa) x wx Ad
V=

Evmax

3.7)

By replacing the equations (3.6) and (3.7) in the equation (3.1), the formula to calculate pressure ulcer risk according to the different regions
of the human body can be defined as following [16];

0,0—0.4P
¢ AT WAty 2T ITO :
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Swmax

In the equation (3.8), P is the pressure influenced to the body region, RH is the relative humidity, and Dr is a constant number used instead
of the rate of drainage of perspiration out of the clothing, and ¢ is the critical time point for occurring of the pressure ulcer in a body region.
The time for occurring of the pressure ulcer is calculated as dimensionless time with the model obtained in equation (3.8). When the time
value is low, the result is that the pressure ulcer risk is high.

4. Experimental Results

In studies to prevent pressure ulcers, the human body has been evaluated as a whole. In our study, pressure ulcer risk was examined for
six regions of body head, trunk, arm, hand, leg, and feet for varying body temperature, pressure, and relative humidity values. In order to
calculate the pressure ulcer risk for different body regions. The features of these regions should be given. Therefore, we used the regional
sweating coefficients, regional body first temperature, core temperature, and field data given in [28]. These values are summarized in Table 1.

Table 1 Sweating coefficient, Skin Temperature, Core Temperature, Area values according to body regions [28].

Area(mz) Sweating coefficient Skin Temp. Core Temp.
Head 0.1326 0.081 34.58 36.96
Trunk 0.6804 0.481 33.62 36.89
Arms 0.2536 0.154 33.25 35.53
Hands 0.0946 0.031 35.22 35.41
Legs 0.5966 0.218 34.10 35.81
Feet 0.1299 0.035 35.04 35.14

Using the formula given in the equation (3.4) and coefficients in the Table I pressure ulcer risk for the different body regions can be calculated.
In this section we presented three experiments based on these formula and coefficients as follows;

Experiment 1: In the first experiment it was assumed that the pressure value to be 5kPa, the body temperature as between 35° C and 40° C,
and relative humidity as 50%. According to these values the graphs in Figures 4.1.a and 4.1.b were obtained.
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Figure 4.1: Risk of pressure ulcer occurring on the different body regions when body temperature varies between 35° C and 40° C a) The change of the risk
according to the body temperature, b) The change of the risk according to the different body regions.

In the Figure 4.1.a the change in the risk of pressure ulcer formation at six regions according to increasing body temperature is shown, while
Figure 4.1.b shows the risk formation according to the body regions between 35° C and 40° C. According to the Figure 4.1.a, as the skin
temperature increases the time for pressure ulcer formation is shortened and therefore, the risk is increased (the risk value changed from 1 to
0.02) when the relative humidity is 50% and the applied pressure is SkPa.

Thus, it can be said that the higher the body temperature, the shorter the time for pressure ulcer formation. In Figure 4.1.a, also it is seen that
the risk for body regions is increased with the order of hand, feet, head, arm, leg, and trunk. According to this order and the coefficients
given in the Table 1, it is seen that the sweat coefficient is higher in the trunk where the risk formation is also excessive. In addition to the
sweating coefficient, it is also observed that the weight of the relevant body region, and the change in skin temperature given in Table 1
change the pressure ulcer risk. And also, it can be said that the lower weight of the hand and feet areas decrease the risk, while the risk in the
head, arm, leg, and trunk regions is proportional to the sweating coefficient.

In Figure 4.1.b, the regional variation of the risk formation appears more clearly. It is presented there that the trunk area has a high risk and it
increases as 35°C — 0.044, 36°C — 0.028, 37°C — 0.021, 38°C — 0.017, 39°C — 0.014 and 40°C — 0.012

Experiment 2: The second experiment was conducted to see effect of the influenced pressure. In this experiment the body temperature
is assumed to be 35°C, the pressure value is accepted as varying between 5 kPa and 60 kPa, and the relative humidity is defined as 50%.
According to these values the graph of Figure 4.2.a is obtained.



Konuralp Journal of Mathematics 237

Hand (a)

— F et

Dimensionless Time

02 F——

l

10 A5 20 25 30 35 40 45 50 55 60

P (Pressure kPa)

— 5kPa (b)
— 10kPa

— 15kPa

— 20 kPa
— 30 kPa

— 40 kPa

— 50 kPa
— 60 kPa

0,8

Dimensionless Time

Hand Feet Head Arm Leg Trunk

Body Parts

Figure 4.2: Pressure ulcer risk that occurs when the pressure value changes between 5 kPa and 60 kPa a) The change of the risk according to the pressure
value, b) The change of the risk according to the different body regions.

In Figures 4.2.a and 4.2.b, the risk value changed from 1 to 0.02. Figure 4.2.b shows the change in the risk of pressure ulcer formation in the
6 regions according to the increasing pressure value, whereas the risk formation in the pressure values between 5 kPa and 60 kPa in Figure
4.2.b is given according to the body regions. In Figure 4.2.a, the risk is increased with the hand, feet, head, arm, leg, and trunk order. In
terms of the risk formation according to the different body regions, it is seen that the regional weight of the body, the sweating coefficient,
and the change in the skin temperature values change the pressure ulcer risk.

In Figure 4.2.b, the regional variation of risk formation is clearer. It is observed that the trunk area is riskier, and the pressure increases the
risk as in 5 kPa — 0.044, 10 kPa — 0.041, 15 kPa — 0.038, 20 kPa — 0.035, 30 kPa — 0.031, 40 kPa — 0.027, 50 kPa — 0.023 and 60
kPa — 0.020.

Experiment 3: The last experiment was performed to see the pressure ulcer risk formation according to the relative humidity. In this
experiment, the body temperature and the influenced pressure are accepted as 35°C and as 5 kPa, respectively. And, the relative humidity is
changing between 0 — 100% and the graph in Figure 4.3.a is obtained.
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Figure 4.3: Pressure ulcer risk when relative humidity varies between 1% and 100% a) The change of the risk according to the relative humidity, b) The
change of the risk according to the different body regions.

Figure 4.3.a shows the change in the risk of pressure ulcer formation in 6 regions according to the increasing relative humidity value.
Meanwhile, Figure 4.3.b shows the risk formation between 20% and 100% relative humidity values according to body regions. In Figure
4.3.a, it can be seen that the risk is increased as hand, feet, head, arm, leg, and trunk. It is observed that the trunk area is riskier and the
risk is increased as 0.0090,0.0044,0.0029,0.0022, and 0.0017 with the increase of relative humidity as 20%,40%,60%,80%, and 100%
respectively.It is also observed that the risk value is higher in the trunk area due to weight and sweating coefficient. When we look at the
graphs for body temperature in Figure 4.1, for the pressure in Figure 4.2, and for relative humidity in Figure 4.3, it is clear that the increase
in the relative humidity further increases the pressure ulcer risk comparing to the changes in pressure and body temperature.

5. Conclusion

Pressure ulcer is a major problem in the world due to the facts that it is very common in bedridden patients, and the treatment has a high cost.
Preventive work is important for this purpose. In that regard, an improved mathematical model was developed to calculate pressure ulcer
risk. When studies in the literature were examined, pressure, temperature, humidity, and wetness parameters were used among the external
factors that have high effects on the formation of pressure ulcer. The human body’s regional characteristics such as weight, sweating rate,
and temperature show difference. In our study, the effects of these differences on the pressure ulcer formation were examined for six regions
of the body: head, trunk, arm, hand, leg, and feet for varying body temperature, pressure, and relative humidity. As a result, the effects of
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regional differences in the pressure ulcer formation are shown graphically. Here, the pressure ulcer risk is increased with the changes of
the regional sweating coefficient, body temperature, and weight. In addition, it is also observed that the increase in relative humidity has
increased the risk even more.

This study showed that the regional examination of the pressure ulcer risk of the patients showed better results in preventing pressure ulcer.
Thus, it is aimed to reduce the workload of nurses in preventing pressure ulcer, as well as to shorten the length of time patients spend in the
hospital.
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