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A B S T R A C T

Aim: To evaluate the longitudinal changes observed over a period of 120 min in patterns of tissue perfusion, 
peripheral oxygenation and local temperature of sacral and trochanteric areas exposed to pressure, comparing a 
healthy population with one at risk of impaired skin integrity.
Methods: The study protocol is registered in ClinicalTrials.gov (NCT02736838). Non-randomised experimental 
study in two phases. Volunteers were recruited at the University and nursing homes from Nov 2017 to June 2020. 
The parameters were measured in the sacral and trochanteric areas under pressure using a laser Doppler monitor 
and near-infrared spectroscopy over 2 h. Body positions varied by area: supine for the sacral region and lateral 
supine for the trochanteric region.
Results: Comparative analysis between both groups of the sacral area showed significant fluctuations in perfusion 
(p = .035) and local temperature (p = .013). In the trochanteric area, the comparative analysis showed sig
nificant fluctuations in perfusion (p = .044), local temperature (p > .001), and oxygenation (p = .049). Nonlinear 
patterns were identified in the variables examined in both anatomical areas. This prompted the adoption of an 
algorithm based on the Random Forest Regressor technique to predict the parameters associated with the 
development of pressure injuries.
Conclusions: Individuals at risk of developing pressure injuries show a more limited compensatory physiological 
response compared to healthy individuals in terms of blood flow, oxygenation, and tissue temperature in pressure 
areas. Notably, at the 90-min, a turning point is observed, marking a critical threshold from which these pa
rameters begin to decline.

1. Introduction

A pressure injury (PI) is usually of ischaemic origin, resulting from 
pressure or the combination of pressure with shear, which can provoke 
necrosis in the epidermis, dermis, subcutaneous tissue, muscles, joints 
and bones [1]. PIs are normally caused by the compression of soft tissues 

between two planes, such as a bony prominence of the body and an 
external surface [2].

Systematic reviews have revealed large variations in the prevalence 
of PIs among hospitalised patients, reporting values such as 8.4% 
worldwide [3], 9.3% in the USA [4], 6.2% in Australia [5], 12.7% in 
Turkey [6], 2.7-16.8% in Asia [5] and 18.1% in Europe [6]. In Spain, PIs 
are experienced by 7.87% of adult hospitalised patients, by 13.41% of 
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those treated in nursing homes and by 8.51% of those included in home 
care programmes [6]. PIs affect the trochanters and sacrum in 9.9% and 
32.7% of cases, respectively [6].

PIs can have severe negative consequences, both for patients and for 
the health system overall, heightening the risk of nosocomial diseases, 
provoking pain and/or disability [7,8], requiring extended hospital 
stays and increasing morbidity and mortality [9].

This challenging situation is best addressed in terms of prevention. In 
this respect, the presence or otherwise of PIs is taken as an indicator of 
the quality of health care [10], in the view that most such injuries can be 
prevented, with appropriate measures [11].

1.1. Background

Certain factors increase the risk of a PI developing. The conceptual 
framework employed in this study considers two groups of risk factors: 
on the one hand, those which are especially relevant to the appearance 
of PIs, such as individual susceptibility and tolerance (skin condition, 
poor perfusion, diabetes, moisture and low albumin); and on the other 
hand, those referring to the limits of mechanical conditioning (immo
bility and poor sensory perception/response) [12].

Preventing the development of PIs should be a primary consideration 
in clinical practice. In this respect, the European Pressure Ulcer Advisory 
(EPUAP), National Pressure Injury Advisory Panel (NPIAP) and Pan 
Pacific Pressure Injury Alliance (PPPIA) published a clinical practice 
guideline detailing appropriate interventions to prevent the appearance 
of PIs. These include assessing the risk of PIs developing, evaluating skin 
condition, repositioning the patient, avoiding skin massage, maintaining 
good nutritional/hydration status and making good use of support sur
faces and barrier creams [13]. Of all these preventive actions, reposi
tioning probably generates most controversy. For example, studies have 
observed no significant differences in outcomes whether patients are 
repositioned every 2 or 3 h versus every 4 h [14–17].

Much current research is being dedicated to the question of how 
existing preventive actions should be remodelled to prevent or decrease 
the development of PIs. In this respect, one of the most promising study 
paths focuses on understanding the pathophysiological mechanisms 
underlying the initial appearance of PIs [12,18,19].

To achieve this understanding, it is vitally important to characterise 
patterns of tissue response in the areas most liable to the appearance of 
PIs, such as the sacrum and the trochanters so that repositioning to 
prevent PIs can be performed in the most effective way. Studies have 
been conducted of residents (in nursing homes and critical care units) to 
evaluate the role of pressure, capillary blood flow and skin temperature 
of the sacrum and trochanters [20–22]. Other studies have focused on 
healthy subjects, measuring the perfusion and oxygen saturation (SaO2) 
of the skin of the sacrum and trochanters [23–25], and have concluded 
that the risk of PIs due to prolonged ischaemia could be mitigated by the 
use of alternating pressure relief mattresses. The researchers also re
ported that persons with a low body mass index and those with morbid 
obesity were at greater risk of developing PIs.

However, to our knowledge no previous studies have been conducted 
to measure, both simultaneously and continuously, changes in capillary 
blood flow, SaO2 and local temperature of the sacrum and trochanters of 
residents, resting for extended periods on a standard mattress at known 
levels of constant direct pressure, and to compare these values with 
those obtained for healthy subjects under the same conditions. This 
multifocal approach is adopted in the present study to enhance our 
understanding of tissue changes at a level of detail not previously 
possible, either because the parameters were measured at discrete in
tervals or over too short a period of time, or because only some of these 
parameters were measured separately.

In a preclinical phase of the present study, this method was used to 
examine healthy subjects, who acted as their own controls [26]. The 
analysis revealed significant changes in perfusion, SaO2 and local skin 
temperature in the sacrum and trochanters when the skin was subjected 
to direct pressure over a 2-h period. Furthermore, differences were 
observed when these parameters were compared with control areas in 
which there was no pressure or where it was only minimal. Specifically, 
the temperature increased significantly (by 1.38 ◦C) in the areas under 
pressure. However, the increases in capillary blood flow and in 
oxygenation were not statistically significant. These findings provided 
important information about physiological responses to pressure, which 
could inform strategies to reduce or prevent the occurrence of PIs.

Having determined these threshold values for healthy subjects, the 
next step was to compare them with persons presenting a risk profile for 
the development of PIs, as is the case of aged care residents.

In short, our study aim was to evaluate the longitudinal changes 
observed over a period of 120 min in patterns of tissue perfusion, pe
ripheral oxygenation and local temperature of sacral and trochanteric 
areas exposed to pressure, comparing a healthy population with one at 
risk of impaired skin integrity (nursing home residents). As a secondary 
aim, we wished to determine whether there was a turning point at which 
these three parameters became statistically and clinically significant.

2. Method

2.1. Design

In this experimental, non-randomised study, the participants were 
recruited in two phases: preclinical, with healthy volunteers, and clin
ical, with aged care participants who were at risk of deteriorating skin 
integrity due to their mobility-impaired condition [27].

2.2. Inclusion and exclusion criteria

In the preclinical phase of the study, students at the Faculty of Health 
Sciences of the University of Málaga were invited to participate in an 
online recruitment survey. This questionnaire was designed as a 
screening tool to assess eligibility based on the established inclusion and 
exclusion criteria. Following this initial selection, eligible candidates 
were contacted for a physical assessment of tissue integrity prior to 
definitive inclusion. In the clinical phase, volunteers were recruited at 
three nursing homes for the residents in the province of Málaga.

The following inclusion and exclusion criteria were applied to the 
healthy subjects: age 18-65 years, non-smoker, non-drinker and non- 
user of drugs of any type. In addition, they should have a normal body 
mass index (BMI) (18.5-24.9 kg/m2) and not suffer from any disease or 
functional limitation. Finally, they should have observable tissue 
integrity and no tattoos in the measurement area [26].

The following criteria were applied to the aged care participants: age 
at least 65 years, and at risk of developing PI, defined as <16 points on 
the Braden scale for persons aged under 75 years and <18 points 
otherwise. Patients who were being treated with heparin, anticoagulant 
medications, alpha/beta blockers, agonists, calcium antagonists, ni
trites, angiotensin II receptor blockers, renin inhibitors, or diuretics 
were eligible for inclusion provided these medications were 

Abbreviations

PI Pressure Injury
NICE National Institute for Health and Care Excellence
SaO2 Oxygen Saturation
BMI Body Mass Index
FFM Fat-Free Mass
FM Fat Mass
SBP Systolic Blood Pressure
DBP Dyastolic Blood Pressure
AU Arbitrary Unit
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administered orally. Those with respiratory failure were also considered 
for inclusion, although the analyses were adjusted to take this factor into 
account when measuring tissue oxygenation.

Any persons already presenting with a PI were excluded, as were 
those who at the time of the study required the use of vasoactive drugs, 
of any type, in infusion. Also excluded were any patients fitted with a 
pacemaker or defibrillator; those who presented with a fever, anaemia 
with haemoglobin <10 g/dl or who had been transfused in the last 4 
weeks; those with hypotension (systolic blood pressure <80 mmHg); 
those being treated with erythropoietin or blood products; those with 
tattoos in the measurement area; and those who had suffered the 
amputation of a lower limb. The above criteria were applied in order to 
obtain a homogeneous study sample and to ensure that the values 
measured for tissue perfusion and peripheral oxygenation were not 
affected by these factors.

Finally, prior to inclusion, all participants gave their signed informed 
consent to take part in the study.

2.3. Data collection

Study data were obtained at the tissue integrity laboratory of the 
School of Health Sciences between November 2017 and May 2018 (for 
the healthy volunteer group) and at the participating nursing homes 
between September 2019 and June 2020 (for the resident group).

Among the explanatory variables considered were age, sex, height 
(cm) and weight (kg). Height and weight were determined using a 
medical scale with a stadiometer (Laboratorios ASIMED, Spain), while 
the participants were barefoot and wearing light clothing.

Data for BMI (kg/m2), fat-free mass (FFM) (kg) and fat mass (FM) 
(kg) were obtained using a BodyComp MF Hexa-AKERN impedance 
meter (Akern, Italy). Bioimpedance was determined with the participant 
in a resting state, making no contact with any conductive surface and 
lying in a supine position with the arms and legs slightly separated from 
the body (with a minimum separation of 25 cm). Prior to obtaining this 
measurement, the participants were asked to remove shoes, socks and 
any metal objects that might alter the conductivity value obtained. All 
measurements were taken in multifrequency mode (400 μARMS, 5–250 
kHz) with the electrodes in a tetrapolar arrangement: the emitting 
electrode was placed on the midline of the flexure of the right wrist, the 
receiving electrode on the mid-intermalleolar line of the right foot and 
the detector electrodes at least 5 cm from the other two (one on the 
metacarpophalangeal midline and the other on the metatarsophalangeal 
midline).

Systolic (SBP) and diastolic blood pressure (DBP) (mmHg) were 
measured with a digital blood pressure monitor (OMRON M6 AC, HEM- 
7322-E; Omron Healthcare, Japan), with the participant in the same 
supine position described above.

In addition, data for the following outcome variables were obtained, 
using a MoorVMS-LDF2 laser Doppler blood flow monitor: perfusion (in 
arbitrary units, AU: a relative unit of measurement that describes the 
proportion of perfusion to a predetermined reference measurement 
value for the device used); and temperature (◦C) of the skin of the 
anatomical areas to be measured (sacral and trochanteric areas under 
pressure). In this non-invasive measurement method, the laser light is 
transmitted by optical fibre to the tissue (to a depth of 1 mm) and the 
light scattered by the tissue is received by a photodetector. Tissue 
oxygenation data (SaO2 in %) were obtained by spectroscopy using a 
MoorVMS-NIRS near infrared spectroscopy monitor (Moor Instruments, 
UK). The information on these three parameters was integrated into the 
MoorVMS-PC V4.0 software package and compiled into 15-min aver
aged intervals, over a total period of 2 h of uninterrupted measurement. 
However, the first 15-min measurement interval, while the participants 
adjusted to the process, was excluded from the analysis.

To ensure optimum control of the study conditions, a measurement 
protocol was applied by an experienced professional trained specifically 
to handle the devices used in this study. For both study groups (healthy 

volunteers and nursing home residents), identical conditions were 
maintained. Healthy volunteers were measured at the tissue integrity 
laboratory of the School of Health Sciences, while for the residents, the 
equipment was transported to the nursing homes to perform the mea
surements in their own rooms. In all cases, the rooms were maintained at 
a constant temperature of 26 ◦C, which was chosen to ensure a stable 
thermal environment and prevent peripheral vasoconstriction that could 
alter microvascular measurements [28].

The laser Doppler and infrared sensors were then placed in the sacral 
and trochanteric areas under pressure. These anatomical areas were 
measured on different days in order to avoid physiological alterations of 
the measurements.

The support surface was standardized for all participants, both 
healthy subjects and residents remained in an articulated bed with a 
standard foam mattress (non-alternating pressure). For the sacral region, 
the instruments were positioned in the corresponding area, while the 
participants adopted a supine position on a standard mattress supported 
by an articulated bed base with an elevation of 0◦ during the 2 h of 
measurement. To measure the trochanteric area, the instruments were 
placed in the trochanteric region after locating the bony prominence, 
and the participants were positioned with an elevation of 30◦, deter
mined with a manual goniometer.

2.4. Ethical considerations

Both the Malaga Research Ethics Committee and the Ethical Exper
imentation Committee of the University (98-2015-H) reviewed and 
approved the study. The ethical standards of the Declaration of Helsinki 
were observed at all times and all study data were obtained in accor
dance with the principles established in current legislation on the pro
tection of personal data. The databases were stored on computers 
dedicated exclusively to this project. The participants all provided 
signed informed consent, either in person or via their legal guardians, 
after receiving a complete explanation of the study.

2.5. Data analysis

The data analysis initially proposed is described in the study protocol 
[27]. For bivariate analysis, the Student's t-test and ANOVA (if there 
were more than two groups) were performed if the variables followed a 
normal distribution, and the Mann-Whitney and Wilcoxon U tests (when 
applicable) otherwise. A correlation analysis was performed to deter
mine the relevance of the anthropometric characteristics, together with 
the health parameters involved in the incidence of PIs.

Our analysis of the main study variables was based on two ap
proaches: first, we considered a general linear model of repeated mea
sures. We then searched for non-linear patterns in the variables 
examined, for both of the anatomical areas of interest. This method 
enabled us to implement a prediction algorithm based on a Random 
Forest Regressor (RFR) for one-step-ahead time series forecasting in 
which previous time steps (lagged values) of the study variables were 
used as predictors. This approach is particularly suitable for short 
physiological time series, as it allows temporal dependence to be 
explicitly incorporated through lagged variables without imposing as
sumptions of linearity or stationarity.

This supervised machine learning technique is particularly well 
suited to short physiological time series, as it deals effectively with 
complex and non-linear relationships, including temporal dependencies 
between input variables [29], providing strong predictive performance 
while overcoming the assumptions of linearity and stationarity inherent 
in traditional linear models [30]. By aggregating the predictions of 
multiple decision trees, providing an automated understanding that 
both facilitates the identification and prediction of crucial dependent 
variables and supports clinical decision making [19]. This approach 
enables the identification of emerging dynamic patterns in microvas
cular response that may not be adequately captured by linear models, 
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especially during prolonged loading conditions.
All analyses were carried out using Jamovi v2.3.21 software [31] 

and assuming a 95% confidence interval. The scikit-learn library in 
Python was used to develop the RFR model, with fixed hyperparameters: 
number of estimators = 100, minimum number of samples per leaf = 1, 
and minimum number of samples required to split an internal node = 2, 
to ensure consistent training and predictions across intervals.

3. Results

30 adults (18 healthy and 12 aged care participants) were included in 
the study. The data for each anatomical area (sacrum and trochanters) 
were measured for 2160 min in the healthy subjects and for 1440 min in 
the residents. The flowchart of study participation is shown in Fig. 1.

Among the 30 persons in the total sample, 70% were women and 
30% were men. The mean age of the healthy participants was 23.6 years 
(SD: 5.27); for the aged care participants, it was 90.2 years (SD: 6.49). 
Table 1 shows the mean values of the anthropometric parameters 
considered and the mean blood pressures obtained for each group. The 
resident group had a mean BMI of 5.96 kg/m2 and, on average, 12.41 kg 
more FM than the healthy participants. Moreover, their mean SBP was 
18.67 mmHg higher. These differences in the means were statistically 
significant (Mann-Whitney U test; p < .001, p = .003 and p < .001, 
respectively).

Table 2 summarises the data obtained for capillary flow, tissue 
oxygenation and local temperature, by measurement time, anatomical 
area exposed to pressure (sacrum and trochanter) and type of subject 
(healthy vs. residents). With respect to the values measured on the skin 
of the sacrum, the values obtained for the final measurement section 
(minutes 105-120), were higher (indicating a better compensatory 
response) in the healthy subjects than in those who were residents. 
Specifically, the differences in the means between these groups were 
15.3 AU for capillary flow, 8.8% for SaO2 and 0.3 ◦C for local temper
ature, respectively. In the first two of these cases, the differences were 
statistically significant (p = .004 and p < .001, respectively). However, 
for the skin of the trochanters, although the differences found in the 105- 
120 min section were statistically significant for SaO2 (8.5%, p = .004) 
and local temperature (2.1 ◦C, p = .026), this was not the case for tissue 
perfusion (19.9 AU, p = .102). Moreover, in the latter case, the values 
were higher (better) for the healthy subjects.

The correlation analysis revealed a notable inverse association be
tween DBP and local tissue temperature of the tissues studied; the co
efficient of correlation was close to − 0.58. However, a positive 
relationship was identified between SaO2 and local temperature, with 
correlation coefficients between 0.55 and 0.68, depending on the mea
surement interval considered. These results were used for decision 
making by the prediction algorithm described below.

Fig. 2 shows the results of the comparative analysis between the 

Fig. 1. Flow diagram.
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study groups, by time intervals, for the three parameters evaluated in the 
skin of the sacrum. The fluctuations in capillary blood flow (F [2.81; 
85.2] = 3.08; p = .035) and in tissue temperature (F [1.34; 2.03] = 5.86; 
p = .013) were statistically significant. However, there were no statis
tically significant differences in the fluctuations in tissue oxygenation of 
the sacral skin (F [1.59; 40.4] = 2.02; p = .153). An inflection point was 
apparent in the 75-90-min time interval in all three parameters evalu
ated (this outcome can be seen numerically in Table 2). Specifically, 
while healthy subjects showed a continuous and stable increase in 
perfusion, oxygenation, and temperature throughout the 120 min, res
idents reached a physiological peak during the 75-90-min interval, 

followed by a steady and significant decline in all values until the end of 
the measurement period.

Finally, Fig. 3 describes the comparative analysis made of the two 
groups, by time intervals, for each of the three outcome variables, for the 
skin of the trochanters. In this case, the analysis revealed statistically 
significant differences in the three parameters that were measured: tis
sue perfusion (F [1.54; 1353] = 3.69; p = .044), SaO2 (F [1.59; 160.5] =
3.5; p = .049) and local temperature (F [2.08; 7.23] = 8.34; p > .001). 
The values of these three parameters were always higher among the 
healthy subjects vs. those who were residents. Furthermore, among the 
members of the latter group the changes in the risk of skin integrity were 

Table 1 
Differences in the means: anthropometric variables and blood pressure.

Mean (SD) Mean difference p Std. error 95% CI

Healthy Residents Lower Upper

BMI (kg/m2) 22.2 (1.59) 28.2 (6.2) − 5.96 <0.001 1.52 − 9.07 − 2.84
FFM (kg) 47.8 (9.43) 43.1 (7.56) 4.62 0.168 3.26 − 2.06 11.29
FM (kg) 15.4 (4.45) 27.8 (15.33) − 12.41 0.003 3.81 − 20.21 − 4.61
SBP (mm/Hg) 104.7 (11.17) 123.3 (8.88) − 18.67 <0.001 3.85 − 26.55 − 10.78
DBP (mm/Hg) 63.3 (7.53) 60 (6.03) 3.33 0.211 2.60 − 1.99 8.66

SD: standard deviation; Std. error: standard error; BMI: body mass index; FFM: fat-free mass; FM: fat mass; SBP: systolic blood pressure; DBP: diastolic blood pressure.

Fig. 2. Fluctuations in tissue perfusion, SaO2 and local temperature in the skin of the sacrum, among healthy and residents.

Table 2 
Differences in the means of the outcome variables by time interval and anatomical area, among healthy and aged care residents.

Healthy Residents Mean differences

Time Sacruma Trochantera Sacruma Trochantera Sacrum pb Trochanter pb

Flux (AU) 15-30′ 25.2 (13.61) 18.3 (15.71) 17.8 (8.03) 16.6 (7.35) 7.4 0.102 1.7 0.725
30-45′ 29.4 (15.89) 22.5 (22.22) 18.9 (9.07) 19.2 (7.98) 10.5 0.048* 3.3 0.631
45-60′ 31.7 (15.96) 27.3 (29.96) 19.9 (9.44) 20.2 (9.3) 11.8 0.030* 7.1 0.436
60-75′ 33.5 (15.66) 31.9 (35.6) 21.4 (10.04) 19.9 (9.69) 12.1 0.025* 12 0.268
75-90′ 34.2 (15.63) 35.2 (38.44) 22.3 (11.41) 21.4 (9.97) 11.9 0.031* 13.7 0.238
90-105′ 33.3 (15.46) 38.7 (42.31) 21 (11.34) 21.3 (10.11) 12.3 0.026* 17.4 0.174
105-120′ 34.4 (14.4) 39.5 (39.82) 19.1 (10.08) 19.6 (8.71) 15.3 0.004* 19.8 0.102

SaO2 (%) 15-30′ 76.9 (4.81) 72.1 (5.81) 70.7 (6.17) 67.8 (10.15) 6.2 0.005* 4.3 0.150
30-45′ 77.6 (4.47) 73.6 (5.09) 71.2 (6.19) 69.3 (8.71) 6.4 0.003* 4.2 0.104
45-60′ 77.9 (4.44) 74.8 (5.03) 70.7 (6.86) 69.3 (8.34) 7.2 0.002* 5.5 0.032*
60-75′ 78 (4.38) 75.8 (5.08) 70.7 (11.34) 67.6 (12.28) 7.3 0.002* 8.2 0.017*
75-90′ 78 (4.29) 76.5 (5.21) 70.5 (6.01) 65.9 (16.62) 7.5 <0.001* 10.6 0.017*
90-105′ 77.9 (4.42) 77.1 (5.29) 68.4 (9.11) 68.8 (11.18) 9.5 <0.001* 8.3 0.010*
105-120′ 78 (4.76) 77.7 (4.66) 69.2 (7.04) 69.2 (10.25) 8.8 <0.001* 8.5 0.004*

Temperature (◦C) 15-30′ 35.3 (1.06) 33.9 (1.45) 35.8 (0.44) 33.6 (2.87) − 0.5 0.208 0.3 0.721
30-45′ 35.9 (0.81) 34.8 (1.12) 36.1 (0.36) 33.9 (2.93) − 0.2 0.416 0.9 0.258
45-60′ 36.2 (0.66) 35.3 (0.85) 36.3 (0.33) 34.1 (2.94) − 0.1 0.723 1.2 0.118
60-75′ 36.4 (0.55) 35.7 (0.62) 36.4 (0.33 34.3 (2.88) 0 0.912 1.4 0.058
75-90′ 36.5 (0.46) 36 (0.48) 36.5 (0.32) 34.5 (2.78) 0 0.592 1.5 0.031*
90-105′ 36.6 (0.4) 36.2 (0.4) 36.4 (0.62) 34.5 (2.8) 0.4 0.163 1.7 0.019*
105-120′ 36.7 (0.35) 36.3 (0.34) 36.4 (0.54) 34.2 (2.73) 0.3 0.097 2.1 0.003*

*: p < .05.
a mean and standard deviation.
b Mann-Whitney U test; AU: arbitrary unit.
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non-linear, compared to the constant increase in values recorded for the 
healthy subjects.

Figs. 2 and 3 illustrate non-linear patterns identified in the variables 
considered, for both anatomical areas. In view of these findings, we then 
used an algorithm based on the RFR technique to predict the parameters 
associated with PI formation. Both anthropometric parameters and the 
perfusion, temperature and oxygenation data recorded at each time in
terval were included as predictors. Table 3 shows the coefficient of 
determination (R2) for the forecasts in each time interval. Predictions 
were made starting from the 45–60 min period, as the RFR model relies 
on lagged values of the study variables and therefore requires a suffi
cient amount of prior temporal information (in this case, at least two 
lags). Earlier intervals exhibited higher physiological variability due to 
the initial loading phase, which limited their suitability for stable short- 
term forecasting and required the use of a minimum number of lagged 
values to provide the model with adequate temporal context.

The R2 values for tissue perfusion (flux) were consistently lower than 
those obtained for SaO2 and temperature, in both anatomical areas and 
in both groups of subjects, although they were higher in the healthy 
subjects than in the aged care participants, in most of the time intervals 
considered. For example, in the 45-60 min time interval for the sacrum, 
the R2 values obtained for flux were 0.57 and 0.60 for healthy and 
residents, respectively. For SaO2, these values were significantly higher, 
at 0.87 and 0.67; for temperature, the corresponding values were 0.83 
and 0.74, respectively.

These differences suggest that the values obtained for flux are asso
ciated with greater variability or error than is the case of the other two 
parameters considered. Hence, for certain intervals, the R2 values were 
below 0.3 for both anatomical areas, in both population groups. In 
contrast, the higher R2 values obtained for SaO2 and temperature are 
indicative of more reliable and consistent measurements than for flux, 
and consequently more accurate predictions.

4. Discussion

Our study aim was to evaluate the changes produced in patterns of 
tissue perfusion, peripheral oxygenation and local temperature, for the 
sacral and trochanteric areas exposed to pressure, considering a healthy 
population versus one at risk of deterioration in skin integrity (residents 
in nursing homes), identifying and measuring the differences in these 
respects during a time interval of 120 min. In this analysis, it was taken 
into account that the baseline measurements for the two population 
groups were different.

The results obtained were significant in several ways. Firstly, with 
respect to the measurements made in the sacral area, for the healthy 
subjects, the values for all three parameters increased over time. This 
finding corroborates previous research [23,25,26,32,33], and probably 
reflects the compensatory mechanism activated in healthy subjects 
when the sacral skin is exposed to pressure. Among aged care residents 
at risk of PI, the values obtained for the same parameters for the sacral 
skin, during the 75-90-min interval, also increased, but less strongly. At 
greater time intervals, the values for the physiological parameters 
decreased significantly. This reduction suggests an exhaustion or failure 
of the compensatory physiological response, leading to a state of tissue 
hypoperfusion and hypoxia that marks the onset of potential ischemic 
damage. However, with respect to the sacral skin, previous studies have 
reported higher values for these parameters in persons with spinal cord 
injury [34], in patients admitted to the ICU [35] and among those who 
are residents [22]; in every case, the risk of PI was identified. In no case 
was there a decrease in the values for the parameters considered, but this 
may be due to the fact that the measurements were obtained with less 
than 60 min of follow-up.

In human skin, tissue oxygenation (up to 75%) [36] is the factor that 
most affects vasomotility (the intermittent contraction of 
meta-arterioles and precapillary sphincters) [37]. This explains why, 
when oxygen demand is increased by tissue pressure, a vasomotility 
activation response is triggered, increasing the duration of blood flow 
intermittency. In healthy individuals, the rate of tissue perfusion may 
vary in response to this situation. In the present study, the simultaneous 
evaluation of flux, oxygenation, temperature and pressure enabled us to 
conduct an in-depth analysis of the behaviour of the microvascular 
network, to determine whether losses of system flexibility might prevent 
microvascular networks from adapting effectively to a stressor such as 
pressure. The results obtained are in line with those reported by Kuliga 

Fig. 3. Fluctuations in tissue perfusion, SaO2 and local temperature in the skin of the trochanters, among healthy and residents.

Table 3 
Values of R2 for tissue perfusion, SaO 2 and local temperature, for each time 
interval, by anatomical area and type of subject, used to evaluate the PI pre
diction algorithm.

R2 (Healthy) R2 (Residents)

Time Sacruma Trochantera Sacruma Trochantera

Flux (AU) 45-60′ 0.57 0.27 0.60 0.77
60-75′ 0.41 0.33 0.49 0.71
75-90′ 0.68 0.36 0.26 0.56
90-105′ 0.69 0.30 0.30 0.37
105- 
120′

0.56 0.32 0.30 0.13

SaO2 (%) 45-60′ 0.87 0.71 0.67 0.85
60-75′ 0.93 0.75 0.65 0.96
75-90′ 0.87 0.66 0.81 0.89
90-105′ 0.94 0.76 0.82 0.66
105- 
120′

0.93 0.87 0.91 0.62

Temperature 
(◦C)

45-60′ 0.83 0.69 0.74 0.82
60-75′ 0.84 0.88 0.78 0.82
75-90′ 0.78 0.92 0.94 0.82
90-105′ 0.70 0.94 0.65 0.34
105- 
120′

0.72 0.88 0.53 0.31
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et al. [36]. Specifically, our findings support their observation that tissue 
oxygenation is a primary driver of microvascular control. Furthermore, 
while Kuliga et al. [36] demonstrated that healthy individuals possess a 
high potential for ‘flowmotion’ adaptability, our study shows that in 
at-risk residents, this adaptability is compromised after 90 min of 
pressure, resulting in a declining spontaneous variation that signals a 
loss of system flexibility to physiological challenge.

Similar findings were obtained concerning the outcome when pres
sure is exerted on the trochanteric area, confirming our suggestion that 
this situation generates a compensatory process in the skin of healthy 
persons [26]. Our results also show that, at all times, the physiological 
values of the trochanteric skin exposed to pressure are lower for aged 
care residents than for persons in good health. Källman et al. [22] 
studied the impact of pressure on the trochanter skin of persons aged 65 
years or more, residents in nursing homes, not currently presenting any 
PI but at risk of developing this condition. These authors reported sig
nificant increases in skin temperature and capillary blood flow. How
ever, the study variables were measured under load for a period of just 
60 min. Our results coincide with the latter findings up to the 60-min 
limit; however, there is an inflection point in these values during the 
75-90-min interval. This inflection point represents a critical threshold 
where the resident's compensatory response (vasomotility and thermal 
regulation) is no longer able to counteract the sustained mechanical 
pressure. At this 90-min mark, the transition from a compensatory state 
to a state of progressive tissue failure begins, which could denote the 
initiation of irreversible histological changes and cellular necrosis. 
Consideration of this evolution will enhance our understanding of the 
initial pathophysiology of a PI.

To our knowledge, no previous studies have been conducted in 
which, after comparing a healthy population versus one at risk of PI, the 
findings are applied specifically to the trochanter area. Our analysis 
suggests that in persons at special risk of PI, not only is the compensatory 
response less effective than in a healthy population, but this response 
declines after 90 min, a threshold at which histological changes relevant 
to the onset of a PI might become apparent.

The algorithm devised to predict the parameters associated with the 
formation of these ulcerative lesions produced satisfactory results, with 
an R2 greater than 0.8 for certain time intervals, both for SaO2 and for 
temperature, in both anatomical areas and for both groups of study 
participants (with greater precision among the healthy population). 
Regarding tissue perfusion, however, the coefficients of determination 
were significantly lower. In view of this greater degree of uncertainty, 
the parameters in question should be interpreted cautiously.

Among the methods that can be used to evaluate peripheral tissue 
oxygenation and perfusion, the non-invasive approach used in the pre
sent study is among the most appropriate because it is not affected by 
variations in vascular calcification or anatomical structure [38]. On the 
other hand, it is difficult to determine optimal cutoff points. Our study 
findings advance our understanding of these questions, by determining 
flow, temperature and oxygenation thresholds in healthy subjects and 
confirming the existence of significant differences in this respect 
compared to patients at high risk of developing PI. Nevertheless, the 
reliability of flow measurement needs to be further improved.

Furthermore, clinical trials should be conducted to determine the 
extent to which the PI prevention measures available in routine clinical 
practice, such as support devices, repositioning and/or the application 
of hyperoxygenated fatty acids [7,39], could modify these parameters. 
In addition, consideration should be given to revising the current in
ternational recommendations [13] for addressing the risk factors for PIs 
[12]. Specifically, our results suggest that the standard 120-min repo
sitioning interval may be excessive for high-risk residents, as their 
physiological compensatory response begins to decline significantly 
after 90 min. Therefore, for this vulnerable population, individualised 
repositioning schedules of 90 min or less should be considered to pre
vent the onset of ischemic tissue damage.

4.1. Limitations

This study is subject to certain limitations. Firstly, the research was 
conducted under highly experimental and controlled conditions to 
ensure the internal validity of the physiological measurements. While 
the preclinical phase took place in a university laboratory and the 
clinical phase in nursing homes, identical measurement protocols, 
equipment, and environmental controls (such as room temperature and 
support surfaces) were maintained in both settings to ensure compara
bility. However, this high level of control might restrict the external 
validity when applying these results to more complex clinical environ
ments where such variables cannot be as strictly managed. Furthermore, 
although the clinical phase involved residents in their habitual envi
ronment, these participants did not present certain critical risk factors 
for PI, such as anaemia or severe hypotension.

Another significant limitation was the non-randomisation of the 
sample. However, the physiological response of the parameters evalu
ated is an objective measure. In this respect, selection bias is unlikely to 
have influenced the physiological results obtained. Furthermore, the 
strict inclusion and exclusion criteria applied in both phases ensured a 
homogeneous sample appropriate for our research purposes.

Furthermore, the age difference between the healthy group (mean 
age 23.6) and the resident group (mean age 90.2) must be considered. 
Since aging naturally affects microvascular function and skin elasticity, 
some of the observed differences in perfusion and temperature may be 
partially attributed to the aging process itself rather than exclusively to 
pressure. However, this comparison allowed for the identification of 
extreme physiological patterns between a healthy baseline and a highly 
vulnerable clinical population.

5. Conclusions

When exposed to pressure on the skin, a person in good health will 
present a homeostatic compensatory reaction, with increases in capil
lary blood flow, tissue oxygenation, and local skin temperature in the 
affected areas. In contrast, individuals at prior risk of developing PIs will 
have a more limited compensatory physiological response. Among our 
study population of nursing home residents, an inflection point was 
observed after 90 min of sustained pressure. This is a critical threshold at 
which the values for tissue perfusion, peripheral oxygenation, and local 
temperature begin to decline significantly. This downturn could repre
sent a physiological point of no return, potentially signaling the begin
ning of cellular necrosis.

These findings have several significant implications. Firstly, they 
provide the scientific community with a basis for further investigating 
the risk factors associated with the occurrence of PIs. In addition, they 
suggest new avenues of research to identify and evaluate preventive 
activities. Finally, individualised preventive measures might be adopted 
in response to differences in physiological responses, thus establishing a 
more personalised strategy.
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