Early detection of pressure ulcers from a simulation of temporal pressure data with reperfusion
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Pressure ulcers are a great handicap for those who develop one. Pressure ulcers can take a long time to heal especially if detected late. These affliction needs a lot of time from the medical personnel and thus a great amount of money. In order to detect pressure ulcers early on we use a simulation of a human buttocks in order to simulate the reaction of it to pressure. This simulation take into accounts the most recent findings about pressure ulcers. In particular, the stiffening phenomenon of the muscle when a pressure is applied for a long time, and the reperfusion phenomenon. We can then simulate pressure captors on the outside interface of the buttocks in order to use these measurements for detection. We compare different algorithms for the early detection of pressure ulcers and

show the need to take the measurement variation in time for a better detection.

I. INTRODUCTION

Pressure ulcers are a deterioration of skin and deep tissues most of the time near a bone prominence or linked to a medical device or another device. The deterioration can leave the skin alive or form an open ulcer and may be painful. The injury is the result of an intense extended pressure and/or in combination with shearing. The ability of the soft tissu to withstand pressure and shearing may be modified by a lot of factors such as nutrition, perfusion, comorbidities and the condition of the soft tissues [START_REF] Edsberg | Revised National Pressure Ulcer Advisory Panel Pressure Injury Staging System Revised Pressure Injury Staging System[END_REF]. Furthermore, the pressure ulcers costed to the french health insurance fund 693 M€ in 2011 [START_REF]Améliorer la qualité du système de santé et maîtriser les dépenses : propositions de l'Assurance maladie pour 2014[END_REF].

The detection of pressure ulcers is currently an important field of pressure ulcer prevention. Methods have been developed in order to detect pressure ulcers early in the development process. For example, methods using infrared [START_REF] Judy | Improving the Detection of Pressure Ulcers Using the TMI ImageMed System[END_REF] and ultrasound [START_REF] Aoi | Ultrasound Assessment of Deep Tissue Injury in Pressure Ulcers: Possible Prediction of Pressure Ulcer Progression[END_REF][START_REF] Deprez | On the potential of ultrasound elastography for pressure ulcer early detection[END_REF] can detect pressure ulcer in the first stage but don't monitor the health of the patient's buttocks continuously. These methods can help detect pressure ulcers a few hours after the first cell damage.

In order to detect pressure ulcer as early as possible a method measuring tissues impedance has been developed [START_REF] Moore | Subepidermal moisture (SEM) and bioimpedance: a literature review of a novel method for early detection of pressure-induced tissue damage (pressure ulcers)[END_REF][START_REF] Swisher | Impedance sensing device enables early detection of pressure ulcers in vivo[END_REF][START_REF] Pal | Early detection and monitoring of chronic wounds using low-cost, omniphobic paper-based smart bandages[END_REF][START_REF] Kang | Development of an Electrical Impedance Tomography Spectroscopy for Pressure Ulcer Monitoring Tool: Preliminary study[END_REF]. This method is able de detect pressure ulcer early in their development because it can monitor continuously the tissues health. While this method can detect pressure ulcer early it needs a captor with direct vision on the area that can develop a pressure ulcer.

This paper aims to present a detection method based on mechanical efforts measurement. The captors needed can then be placed under a bed or a cushion and need not be placed directly in contact with the area subject to pressure ulcer. Furthermore, we will discuss how the reperfusion phenomena can impact the detection performance of such a detection method.

II. PRESSURE ULCER SIMULATION AND DETECTION

A. Buttock simulation

In an effort to evaluate new algorithms for the detection of pressure ulcers, we designed a simulation of pressure ulcers.

We used the FEBIO software [START_REF] Maas | FEBio: Finite Elements for Biomechanics[END_REF] in order to make a simulator able to simulate mechanical efforts in the skin, adipose tissue, the muscle and the bones. For the bones, the muscle and the adipose tissue we used Moonley-Rivlin [START_REF] Rivlin | Large elastic deformations of isotropic materials. IV. Further developments of the general theory[END_REF] models and for the skin we used an Ogden model [START_REF] Ogden | Large Deformation Isotropic Elasticity -On the Correlation of Theory and Experiment for Incompressible Rubberlike Solids[END_REF]. The muscle, adipose tissu and the skin are modeled with cubes meshed with smaller elements and the bones are modeled by a sphere as shown (Fig. 1).
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Colloque JETSAN 2021 Furthermore, we used a stiffening formulae (Eq. ( 1)) for muscle tissues extrapolated from experimentations made by [START_REF] Gefen | In vivo muscle stiffening under bone compression promotes deep pressure sores[END_REF] on muscular tissues. With G i the shear modulus of the tissue without pressure applied on it, P the pressure applied on a volume element and 1.55/35 and 1750 values calculated in order to fit best the experimental data. The parameter 𝑡 is the time elapsed since the start of the application of the pressure (in minutes).

G(t) = min [𝐺

The comparison of the approximation and the experimental data are shown for a pressure applied of 35 kPa (Fig. 2) and 70 kPa (Fig. 3). 

B. Pressure ulcer simulation

The development of pressure ulcers is due to tissue deformation and local ischemia (stopping of the oxygen influx). This ischemia is caused by pressure too strong for the blood vessels which will deform the blood vessel limiting the blood flow possibly stopping it totally. We will consider that a value of 10 kPa of pressure is able to stop the blood flow entirely in a volume element of human tissue.

However, it has been shown that the reperfusion phenomena has an important impact on pressure ulcers development [START_REF] Loerakker | The effects of deformation, ischemia, and reperfusion on the development of muscle damage during prolonged loading[END_REF]. The return of the blood flow (reperfusion) can lead to either a healing of the damaged cells or a worsening of the damage.

It has been shown in particular that reperfusion can help healing the damaged cells if the time of ischemia is short, but if this time is longer than a reference time tisch the reperfusion will lead to an enhancement of the damages caused by the mechanical stresses.

We will consider that cell death without reperfusion is caused by a pressure superior than 10 kPa for2 h on the same volume element. We will calculate the degree of damage inflicted to a volume element with (Eq. ( 2)) damage = pressure * time ,

with the pressure in kPa and the time in minutes. Thus, a volume element will be considered dead if the damage of this element is greater 10*120=1200 kPa.min. This équation (Eq. ( 2)) correspond to a pressure ulcer vision without the reperfusion phenomena. In order to implement the reperfusion phenomena we will add the time limit tisch from wich reperfusion cannot heal the cells anymore. We will take here tisch = 60 min, wich leads to damage = pression * time *(time of ischemia -tisch), (3) with the pressure in kPa and the time in minutes. This equation (Eq. ( 3)) will take into account the reperfusion phenomena in the calculus of the damage of a cell. The damage calculated with the Eq. ( 3) is then greater than the one calculated with Eq. ( 2) when the time of ischemia is greater than 60 minutes and is lower otherwise.

C. Early detection of pressure ulcers

We simulated pressure captors on the exterior of the skin of the buttocks for varying buttocks sizes, mechanical properties and pressure applied for a duration of 2 h by timesteps of 15 minutes. For these simulations we calculate the damage for each volume elements and if at least one damage value exceed the threshold of 1200 kPa.min the buttocks is considered damaged otherwise it is considered healthy. We used random parameters uniformly distributed (Table I) in order to produce 42 simulations of 2 hours and we took data from 75 to 120 minutes after the application of the pressure. 

MPa 5 MPa

For the Moonley-Rivlin model, the parameters C10 and C01 compose the shear modulus as such µ= 2(C10 + C01), the parameter D1 is the bulk modulus and for the Ogden model the shear modulus is µ= 2 µ1 α1.

We used 2 algorithms and found the threshold minimizing the error. The results (Table II) are made by using a threshold on the mean pressure measured by the simulated captors in order to detect the damage in the buttocks.

TABLE II.

Damaged buttocks

Healthy buttocks Damage detected 86 45

No damage detected 75 550

The results (Table III) are made by using a threshold on the peak pressure measured by the simulated captors in order to detect the damage in the buttocks. We can see that the algorithms based on instantaneous measurement are efficient at best with a 15.9% error for the mean pressure algorithm and 16.1% error for the peak pressure algorithm. We then designed algorithms in order to take into account the time component of the problem. We used algorithms based on the vision of reperfusion used for the determination of damage in the buttocks (Eq. ( 3)). We show here the results of 2 different algorithms with a threshold optimized in order to minimize the error. For the results (Table IV) we used an algorithm calculating the ischemia time in the interface cells with a pressure threshold of 2.5 kPa in order to count as a cell with ischemia. The difference in pressure with the actual threshold for ischemia is due to the lower pressures in the external skin compared to the rest of the buttocks. With this ischemia we used the following formulae in order to have a function on which to base the detection: interface_damage = pression *time of ischemia, (

with the pressure in kPa and the time in minutes.

We then applied a threshold on the time over a pressure threshold of 2.5 kPa on every simulated pressure captors in order to decide if the buttocks is detected as healthy or damaged. We can see (Table IV) that the error is at 13.1%, inferior to the error for the best static algorithm. Table IV also show the damaged buttocks have been detected more frequently with the use of a time oriented algorithm. The damage has been detected in a proportion of 54% of the actually damaged buttocks when at best we detected the damage in 53% of the cases with the static algorithms.

Another tested algorithm is using the mean value of the interface_damage (Eq. ( 4)) and an ischemia threshold of 2.5 kPa, the results are shown below (Table V).
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Colloque JETSAN 2021 We can see (Table IV) that the error is at 15.5%, inferior to the error for the best static algorithm but higher than the error of the previous time-threshold algorithm. The false negatives are also similar to the better static algorithm. Thus, this time-based algorithm is better at detecting pressure ulcers than the static algorithms.

Taking time into account in the detection algorithms can help having a reduced error in the detection of damaged buttocks. By choosing properly we also have the possibility to choose between focusing on overall error, with the last algorithm (Table V), or choosing to detect as much as damaged buttocks as possible in order to start the healing process as soon as possible (Table IV).

III. CONCLUSION AND PERSPECTIVES

We showed here that in order to account for reperfusion in pressure ulcer detection from pressure measurements we need to take into account the evolution of the pressure. In fact, while a detection algorithm based on static measurement will rarely have false alarms, it will also not detect a great part of the pressure ulcers. In order to improve the early detection of pressure ulcers we propose time-based algorithms. These algorithms can improve overall accuracy of the detection without changing the rate of false alarm, or reduce drastically the false alarm rate without improving the accuracy.

Both these improvement can help reduce the impact of pressure ulcers on patients. By allowing to start the healing process earlier, our algorithms can reduce the time needed to heal and the seriousness of the pressure ulcers.

In the future we will implement a more precise geometry for the buttocks in order to verify the findings in this paper and to further refine the detection algorithm for pressure ulcer.

It will also be interesting to tests the detection algorithm in a clinical situation in order to test its efficiency in giving insight on when to move a patient from the seated positon.
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 1 Figure 1. Illustration of the geometry of the simulated buttocks. We used
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 2 Figure 2. Comparison of experimental data of [13] and our approximation for the evolution of the shear modulus of the muscle (in kPa) in function of a time t (in minutes) when a pressure of 35 kPa is applied on the muscle.
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 3 Figure 3. Comparison of experimental data of [13] and our approximation for the evolution of the shear modulus of the muscle (in kPa) in function of a time t (in minutes) when a pressure of 70 kPa is applied on the muscle.

TABLE I .

 I 

		Minimum value	Maximum value
	Applied pressure	2 kPa	20kPa
	Tissue height	0.8	1.2
	Bones radius	0.15	0.4
	Skin α1	3	10
	Skin µ1	0.5 MPa	5 MPa
	Skin D1	0.1 MPa	1 MPa
	Adipose tissue C01	1 kPa	3 kPa
	Adipose tissue C10	1 kPa	3 kPa
	Adipose tissue D10	5 MPa	50 MPa
	Muscle C01	2 kPa	5 kPa
	Muscle C10	1 kPa	3 kPa
	Muscle D1		

TABLE III .

 III 

		Damaged buttocks	Healthy buttocks
	Damage detected	70	31
	No damage detected	91	564

TABLE IV .

 IV 

		Damaged buttocks	Healthy buttocks
	Damage detected	87	25
	No damage detected	74	570

TABLE V .

 V 

		Damaged buttocks	Healthy buttocks
	Damage detected	85	46
	No damage detected	76	579
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