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a b s t r a c t 

Pressure mapping systems have been traditionally used to assess load distributions in individuals at risk 

of pressure ulcers. Recently, the technology has been adapted to monitor pressures over prolonged pe- 

riods. The present study aims to investigate the predictive ability of selected biomechanical parameters 

estimated from pressure distributions for detecting postural changes in lying. 

Healthy participants ( n = 11) were recruited and positioned in different lying postures, by utilizing the 

head of bed (HOB) angle and an automated tilting system to achieve evoked movements in the sagittal 

and transverse planes, respectively. Measurements included continuous monitoring of interface pressures 

and accelerations from the trunk and waist. Selected interface pressure parameters included; centre of 

pressure, contact area and pressure gradient. A threshold range for all parameters was established and 

Receiver Operating Characteristic (ROC) curves presented to determine the sensitivity and specificity for 

detecting postural changes. 

Temporal trends in the data revealed significant variance in the signal perturbations during each 

evoked postural change. Indeed, sensitivity and specificity were influenced by the specific threshold val- 

ues and the relative position of the individual. As an example, sensitivity of some parameters exhibited 

a compromised trend at higher HOB angles, with low corresponding area under the ROC curve. By con- 

trast, contact area provided the highest values, with 7/12 signals achieve AUC > 0.5. This corresponded 

with actimetry signals, which provided high discrimination between postures. 

Parameters estimated from a commercial pressure monitoring can have the potential to detect pos- 

tural changes. Further research is required to convert the data into meaningful clinical information, to 

inform patient repositioning strategies. 

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

There are many situations where skin and underlying soft

issues are compromised by prolonged mechanical loading, par-

icularly in individuals with restricted mobility. This can result

n the breakdown of skin and soft tissues, typically over bony

rominences, commonly termed pressure ulcers (PUs). Individuals

ith PUs have reduced quality of life [1] and their treatment

osts represent a significant burden on healthcare providers [2] .

he prevention of PUs therefore represents a high priority in all

ealthcare institutions. However, despite increased awareness and

nterventions to improve the efficiency of preventative strategies,

he incidence in both the acute and community settings has

emained unacceptably high, contributing an estimated wound

are cost of £4 billion per annum in the UK [3] . 
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In order to reduce the risk of developing PUs, international and

ational guidelines recommend frequent repositioning (2–4 h) [4] .

his generally involves periodic redistribution of loads between

he individual and a support surface (bed or chair) through pos-

ural changes. The associated movements are designed to provide

eriodic pressure relief to previously loaded areas. This is typi-

ally achieved through self-evoked movements, or where mobility

s limited, by clinicians and carers who manually adjust the indi-

idual’s posture. However, this manual strategy can be time con-

uming and labour intensive, with estimated costs between €200

nd €250 per patient over a four week period [5] . Accordingly,

n many healthcare settings where resources are limited, the fre-

uency and magnitude of movements recommended for PU pre-

ention are not regularly followed [6] . In addition, a recent study

emonstrated that even experienced practitioners perform repo-

itioning manoeuvres inconsistently, and, in some cases, critical

ites such as the sacrum the pressure relief is inadequate for tis-

ues to recover [7] . Furthermore, although regular repositioning
sitivity analysis to evaluate the performance of temporal pressure 
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is considered to represent an effective preventative strategy, it is

inconsistently performed in practice. Moreover, there is limited ev-

idence supporting the relationship between frequency of move-

ments and reduction in PU incidence, which may be highly depen-

dent on the individual susceptibility [8] . 

A number of biomechanical measurements have been used to

assess postural movements. In particular, pressure measurements

at the interface between the individual and support surface have

been extensively used in both research and clinical settings [9] .

Research has revealed that postural changes can have a significant

effect on interface pressure both in terms of magnitude and distri-

bution [10] . In the clinical setting, pressure mapping systems are

typically used as a visual feedback to optimise individual reposi-

tioning and prescribe cushions and mattresses for pressure redis-

tribution [11] . However, these assessments are typically performed

either at a single time point or averaged over relatively short time

periods, providing a “snap shot” of the interface conditions. Ac-

cordingly, the interpretation of this pressure signature can at best

provide a limited overview of the long-term effects of different

postures and it is not indicative of the magnitude and frequency of

the postural changes, either through natural or evoked movements

[12] . 

The literature reveals a significant number of studies using

wearable sensors to assess both the frequency and the magnitude

of individuals’ postural movements. The measures of the tilt angles

at a specific body sites, estimated from actimetry signals, were re-

ported to accurately discriminate between postural changes in dif-

ferent anatomical planes [13–15] . Therefore, the use of actimetry

systems have become popular in both research and clinical set-

tings, to evaluate the effectiveness of relief strategies in individu-

als at risk of developing PUs [16,17] . As an example, in recent ran-

domised control trials utilising actimetry, authors reported that the

provision of optimal turning was enhanced with a wearable pa-

tient sensor [18,19] . In addition, individuals in intensive care set-

tings were more likely to comply with repositioning over longer

time periods and this was associated with a reduced incidence of

in PUs [18] . 

A few studies have combined interface pressure measurements

with actimetry to assess the efficacy of the postural changes in off-

loading vulnerable soft tissue areas [13,17,20] . However, the mag-

nitude of movements were typically not achieved with traditional

repositioning strategies [6] and there was only a weak correlation

between interface pressures at the buttock region and segmen-

tal changes in body postures [16] . Therefore, although actimetry

systems provide a reference for position and movement detection,

they cannot characterise the mechanical conditions at the patient

– support interface. 

There is clearly a requirement to provide a robust objective

measure of the effectiveness of pressure relieving strategies, in-

volving both the position of body segments and the conditions

at the body-support interface. Recently, pressure mapping systems

have been adapted to record pressure distributions over periods

of up to 72 h [21] . This provides the opportunity to estimate dif-

ferent temporal biomechanical parameters at the patient inter-

face, which have the potential to evaluate postural changes, either

natural or evoked. However, these systems have not been exam-

ined as to whether they can identify whether these temporal sig-

nals are sensitive and specific to particular postural movements.

Accordingly, the current study aims to interrogate different biome-

chanical parameters estimated from a commercial pressure mon-

itor to distinguish specific postural changes during a range of

defined supine positions. The sensitivity and specificity of these

temporal pressure values to detect posture changes will be com-

pared with the performance of the signals estimated from an ac-

timetry system. 
Please cite this article as: S. Caggiari, P.R. Worsley and D.L. Bader, A sen
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. Materials and methods 

.1. Participants 

Eleven healthy participants (6 male and 5 female) were re-

ruited from the local University community. Exclusion criteria in-

luded participants with a history of skin conditions, neurolog-

cal or vascular pathologies which could affect tissue health or

hose who were unable to lie in a supine position for a period of

 h. University of Southampton Ethics was granted for the study

Ref: 26379) and informed consent was obtained from each par-

icipant prior to testing. Participants were aged between 25 and

7 years (mean = 32 years) with an average height and weight

f 1.72 ± 0.51 m and 71.2 ± 25.2 kg, respectively. The corresponding

MIs ranged between 20.4 to 30.1 kg/m 

2 . 

.2. Test equipment 

Interface pressure measurements were recorded using a full

ody pressure monitoring system (ForeSite PT, XSENSOR Technol-

gy Corporation, Canada), in the form of a fitted mattress cover.

t incorporates 5664 pressure measuring sensor cells, with a spa-

ial resolution of 15.9 mm, covering a sensing area of 762 mm x

880 mm. Each sensor operates within a range of 5–200 mmHg

0.7–26.6 kPa), with an accuracy ± 2 mmHg and an acquisition rate

f 1 Hz. Four wearable sensors (Shimmer Platform, Realtime Tech-

ologies Ltd, Dublin, Ireland) measured trunk and waist move-

ents, attached to the sternum and the left and right anterior

liac crests with a Velcro strap ( Fig. 1 ). Each device represents a

mall wireless sensor (53 mm x 32 mm x 25 mm), integrating a tri-

xial accelerometer and gyroscope, that recorded real-time cali-

rated Euler angles data at 51 Hz (range ± 2 g). 

.3. Test protocols 

All test procedures were performed in the Biomechanics Test-

ng Laboratory in the Clinical Academic Facility in Southampton

eneral Hospital, where room temperature was maintained at

4 °± 2 °. Participants were requested to wear loose fitting clothing

nd adopt a series of postures on a standard hospital bed frame

AvantGuard 

TM , Hill-Rom, US) and mattress with castellated foam

urface (Solace Foam Mattress, Invacare UK). Prescribed sagittal

ovements started in the supine posture followed by raising the

ead of bed (HOB) by 10 ° increments to a maximum of 60 °, repre-

enting a high cardiac posture ( Fig. 1 A-D). The HOB was then low-

red in 10 ° increments until the supine posture was re-established.

ach posture was evoked by the researcher using the bed frame

ontrol and held for a period of 10 min. The subsequent move-

ents involved 20–25 ° tilting the mattress in the transverse plane

n an automated 10 min cycle time ( Fig. 1 E-F) using a continuous

ateral rotational system (CLRS) (Vikta Komfitilt®), placed under-

eath the mattress. Interface pressure distributions and accelerom-

ters data were continuously recorded throughout the two hour

est period. Participants were instructed to remain as still as pos-

ible on the mattress, so that the movements were evoked either

hrough the bed frame or the CLRS device. 

.4. Outcome parameters 

Pressure distributions and accelerometer signals were processed

nd analysed using custom software developed in Matlab (Math-

orks, US). The temporal profile of the tilt angles in the sagittal

nd transverse planes were estimated from the accelerometer data

nd re-sampled at 1 Hz. The corresponding profiles of the three
sitivity analysis to evaluate the performance of temporal pressure 
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Fig. 1. Images of the sagittal and lateral postures: Supine (A), 20 ° increment of the HOB (B), 40 ° increment of the HOB (C), 60 ° increment of the HOB (D), 20 ° increment of 

the HOB (B), left and right lateral turning (E, F). 
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Fig. 2. ROIs selection from the distributions of the pressure. The colour gradient of the pressure distribution is associated with a scale bar (scale on the right), which 

represents the pressure range between 0 and 50 mmHg. The pressure values below 20 mmHg, approximated by most shades of blue, were not included in the analysis. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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iomechanical signals calculated from the pressure distributions

ere: 

• centre of pressure (COP), defined as the centroid of the distri-

bution; 
• contact area (CA) between the mattress and the individuals in

which sensors record a pressure of or above a minimum thresh-

old of 20 mmHg; 
• peak pressure gradient (PG) in a direction perpendicular to the

long axis of the mat, which describes the maximum change in

pressure between adjacent sensing cells. 

Each parameter was estimated from two distinct regions of in-

erest (ROIs), namely, the whole body and buttock area ( Fig. 2 ).

pper and lower body ROIs were not included in the analysis as

hey were affected by signal deviations for natural movements in

he legs, arms and head. Lower pressure values were subjected to

ncrease noise in the signal due to small postural shifts, naturally

erformed by participants. Accordingly, for the estimation of con-

act area pressure readings above a 20 mmHg (2.7 kPa) threshold

ere included, as they were most indicative of evoked postural

ovements. The pressure gradient was evaluated only in the direc-

ion perpendicular to the long axis of the mat, as it was observed
Please cite this article as: S. Caggiari, P.R. Worsley and D.L. Bader, A sen
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hat with sagittal movements there was a higher deviation in val-

es across the width of the mat. 

.5. Post – processing and analysis of data 

A series of distinct processes were performed to optimise the

ata for analysis. Briefly, all signals were filtered using a moving

verage filter with a window length of 15 samples to remove the

igh frequency noise. Subsequently, these signals were manually

abelled denoting each posture. Both the amplitude of the signal

hanges between the postures and the deviations during each pos-

ure were estimated for all outcome parameters. The descriptive

ressure data were expressed as median ± interquartile (IQ) val-

es for all the participants. By contrast, the descriptive tilt angles

ata were expressed as mean ± standard deviation (SD). Appropri-

te threshold ranges, detailed in Table 1 , were selected for each of

he parameters. 

Sensitivity and specificity to detect postural changes for each

hreshold value were then estimated for all biomechanical signals

nd presented as a percentage of the cohort ( n = 11). Sensitivity

as calculated by assessing the number of cases in which a biome-

hanical signal, with respect to each threshold level, correctly clas-

ified a specific postural change, i.e. a true positive, as depicted in
sitivity analysis to evaluate the performance of temporal pressure 
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Table 1 

Summary of the threshold levels for each of the biomechanical 

parameters. 

Biomechanical parameters Threshold levels 

COP [mm] 5 10 20 30 

PG [mmHg/mm] 0.1 0.2 0.3 0.4 0.5 

CA [% variation] 5 10 15 20 25 

Tilt angles [degree] 2 4 6 8 10 

Not Specific

Specific

No change in posture

Change in posture

threshold 
value

threshold
value Amplitude of movements 

within a posture lower
than the threshold value 

Amplitude of movements 
within a posture greater
than the threshold value 

Amplitude of movement from 
a posture to the next greater
than the threshold value

Amplitude of movement from 
a posture to the next greater
than the threshold value

Fig. 3. Characteristic features of four postures related to the COP displacements 

at the buttock. A pre – determined threshold value, represented by the dotted 

lines, has been selected to denote the sensitivity and specificity analyses. A spe- 

cific change in posture (true positive) was identified where the amplitude of the 

movement in the change in posture was greater than the selected threshold value. 

A true negative was identified where the amplitude of the movements within a 

posture did not exceed the threshold value. 
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Figure 3 . Specificity was calculated for each posture as the pro-

portion of cases where the biomechanical signals did not exceed

the selected threshold level during the 10 min static posture i.e. a

true negative ( Fig. 3 ). Specificity during the lateral tilting was not

evaluated, as the turning system did not produce significant spatial

changes in any of the parameters during the static lateral postures.

Receiver Operating Characteristic (ROC) analysis, performed

within Matlab (MathWorks, US), was used to determine the opti-

mal range of parameters, which discriminate between the presence

and absence of postural changes. Each of the biomechanical signals

and the possible thresholds were examined to identify the combi-

nation with the optimal sensitivity and specificity for all evoked

movements. The area under the ROC curve (AUC), which plots sen-

sitivity versus (100 – specificity) [22] , was calculated to assess the

overall accuracy in discriminating postural changes for each signal.

AUC quantifies the probability that the test correctly discriminates

the presences or absences of a postural movement, ranging from 0

to 1. An AUC of 0.5 suggests no discrimination between true posi-

tive and true negative condition, while a value of 1 indicates a per-

fect discrimination. The lowest threshold value is the point closest

to the top left corner of the ROC curve. 

3. Results 

As illustrated in Figure 4 , the temporal trends of both interface

pressure parameters and tilt angles are characterized by incremen-

tal steps coinciding with the evoked movements in the HOB an-

gles ( Fig. 4 A and B) and the CLRS system ( Fig. 4 C and D). It is ev-

ident that the changes in HOB angles are clearly reflected in the

tilt angles in the sagittal plane with similar increments between
Please cite this article as: S. Caggiari, P.R. Worsley and D.L. Bader, A sen
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ach posture ( Fig. 4 B). However, the increments in the COP dis-

lacements at the buttock ROI revealed differences in the magni-

ude during the test protocol, with only small increments observed

hen the HOB exceeded 40 °. In addition, when the HOB was low-

red, some hysteresis was evident in the COP values ( Fig. 4 A). 

.1. Sagittal postural changes 

Table 2 summarises the interface pressure parameters at both

OIs and the tilt angles at the trunk and waist, associated with the

agittal movements. It is evident that for whole body and buttock

OIs from supine to 10 ° HOB there is limited change in the me-

ian COP value ( < 5 mm). Subsequent magnitudes in signal change

t the whole body ROI were larger and approximately equiva-

ent up to maximum HOB angles. When the HOB was lowered,

he displacements were relatively small, until lower angles (HOB

 30 °) where they increased again. By contrast, signal changes

t the buttock ROI were smaller for HOB angles > 30 °. However,

t lower HOB angles the displacements were larger and approx-

mately equivalent, while the final transition from 10 ° HOB to

upine yielded a median COP in the buttock of > 24 mm. With re-

pect to the contact area for both ROIs, the percentage changes

ere relatively small with median values less than 6% and 18%

or whole body and buttock, respectively when the HOB angle was

aised up to 30 °. The values increased for high HOB angles reaching

he maximum percentage variation at 60 °, and subsequently de-

reased when the HOB was lowered. The percentage changes were

2–4 fold greater at the higher HOB angles. Pressure gradient sig-

als revealed considerable variability and few trends with respect

o HOB angles. Sagittal tilt angles at the trunk and waist revealed

imilar changes for each incremental HOB angle ( Table 2 ). How-

ver, in the final postural change from 10 ° HOB to supine these

hanges were considerably smaller at both body sites. 

.2. Lateral postural changes 

Results showed changes in specific parameters during lateral

urning ( Table 3 ). Changes in median COP displacements in excess

f 11 mm were observed in both whole body and buttock ROIs dur-

ng the turning stages. However, the data revealed almost a two

old increase in the median values when turning to the right com-

ared to the left. This was associated with a corresponding de-

rease in the contact area, with percentage reductions of < 20% and

 30% for whole body and buttock, respectively. As with the sagit-

al plane movements (HOB), pressure gradients revealed only small

agnitude changes with large variability in both ROIs. The tilt an-

les measured at the trunk and pelvis indicated only moderate lat-

ral turns were achieved ( < 10 °), with higher angles measured at

he trunk than at the waist. 

.3. Sensitivity and specificity analyses 

Sensitivity and specificity to detect evoked postural changes

or each of the parameters were assessed at each of the defined

hreshold levels ( Table 1 ). 

.3.1. Postural changes in the sagittal plane 

The relative inclination of the bed angle had a significant ef-

ect on sensitivity of both ROIs. As an example, the sensitivity

f the COP estimated from the buttock ROI for each threshold is

resented in Figure 5 A. It was evident that at low HOB angles

 < 40 °) the smallest threshold (5 mm) was sensitive to detect pos-

ural changes (55–92%). By contrast, when the HOB exceeded 40 °
he corresponding sensitivity reduced (10–40%). The sensitivity of

he whole body COP revealed a similar trend with values decreas-

ng from supine to 10 ° HOB (approximately 35%) and from 60 ° to
sitivity analysis to evaluate the performance of temporal pressure 
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HOB 20o

Supine

CLRS CLRS

SupineSupine HOB 20o HOB 20oHOB 40o HOB 40oHOB 60o SupineSupine HOB 20o HOB 20oHOB 40o HOB 40oHOB 60o

Fig. 4. Temporal trends of the displacement of the COP at the buttock area in the longitudinal plane (A) and transverse plane (C) and the tilt angles of the trunk in the 

sagittal plane (B) and transverse plane (D). 

Table 2 

Summary of the median (interquartile) values of the interface pressure parameters estimated at the whole body and buttock ROIs 

and the mean (standard deviation) of tilt angles estimated at the trunk and waist, during sagittal changes in posture. 

Sagittal postural changes 

COP [mm] CA [% variation] PG [mmHg/mm] Tilt angle [degree] 

Whole Body Buttock Whole Body Buttock Whole Body Buttock Trunk Waist 

Supine – 10 ° 3.4 (0.5) 4.8 (0.6) 3.2 (6.1) 11.1 (9.4) 0.8 (9.4) 0.1 (3.5) 8.2 (1.5) 5.4 (3.6) 

10 °–20 ° 17.5 (0.6) 13.4 (0.8) 4.6 (6.8) 5.5 (15.3) 1.0 (8.2) 0.2 (1.8) 8.3 (1.1) 5.6 (3.5) 

20 °–30 ° 13.4 (0.5) 11.7 (0.5) 5.6 (9.8) 17.7 (16.7) 0.5 (8.0) 0.4 (3.9) 7.6 (4.3) 6.8 (3.3) 

30 °–40 ° 20.6 (2.1) 12.6 (0.5) 13.6 (9.9) 30.2 (21.9) 0.3 (6.3) 0.2 (1.6) 9.1 (2.5) 5.2 (1.7) 

40 °–50 ° 15.1 (1.4) 3.9 (0.8) 15.4 (20.6) 31.1 (12.4) 0.5 (14.3) 0.4 (8.5) 8.7 (3.8) 4.2 (2.6) 

50 °–60 ° 12.7 (1.8) 2.3 (0.3) 22.8 (21.8) 37.1 (14.6) 0.6 (7.9) 0.6 (8.1) 9.4 (3.7) 5.4 (2.6) 

60 °–50 ° 7.3 (0.2) 2.9 (0.4) 35.1 (21.0) 41.9 (21.0) 0.5 (9.0) 0.3 (7.7) 7.5 (2.4) 6.1 (3.5) 

50 °–40 ° 6.0 (1.4) 2.0 (0.3) 20.7 (9.7) 32.8 (8.7) 0.8 (5.3) 0.3 (3.8) 7.2 (2.7) 6.7 (3.5) 

40 °–30 ° 4.3 (0.4) 5.0 (0.4) 19.4 (15.2) 33.4 (11.6) 0.4 (9.1) 0.3 (6.7) 8.7 (1.9) 7.6 (2.7) 

30 °–20 ° 11.4 (1.3) 9.0 (0.7) 16.5 (6.3) 23.5 (8.0) 0.4 (15.2) 0.1 (2.5) 8.4 (2.7) 6.3 (2.3) 

20 °–10 ° 16.7 (1.4) 14.3 (0.4) 10.5 (10.6) 19.6 (9.8) 0.6 (7.1) 0.2 (4.1) 8.8 (2.4) 6.2 (3.0) 

10 °–Supine 19.2 (1.0) 24.4 (1.0) 6.6 (5.7) 9.3 (15.7) 0.2 (5.9) 0.3 (2.4) 5.7 (0.8) 2.2 (1.9) 
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Table 3 

Summary of the median (interquartile) values of the interface pressure parameters estimated at the whole body and buttock ROIs 

and the mean (standard deviation) of tilt angles estimated at the trunk and waist, during the postural changes in the transverse 

plane. 

Lateral postural changes 

COP [mm] CA [% variation] PG [mmHg/mm] Tilt angles [degree] 

Whole Body Buttock Whole Body Buttock Whole Body Buttock Trunk Waist 

Left turning 11.4 (0.8) 11.4 (0.5) 9.6 (7.3) 11.5 (6.1) 0.7 (3.9) 0.4 (4.2) 8.2 (1.8) 5.3 (1.9) 

Right turning 24.0 (1.0) 18.3 (0.7) 7.9 (6.6) 7.6 (5.1) 0.9 (2.5) 0.3 (0.1) 8.3 (2.5) 5.6 (3.5) 
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 Threshold 30 mm
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Fig. 5. (A) Sensitivity trend in evaluating spatial changes in buttock ROI for COP displacements. (B) Specificity trend in evaluating spatial changes during static in buttock 

area for COP displacements. Each curve represents the trend with respect a specific threshold value, ranging between 5 mm and 30 mm. Each data point represents the 

sensitivity (A) or the specificity (B) value [%], across all participants, for a specific threshold value. 
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40 ° HOB (35–45%) (data not shown). The sensitivity for contact ar-

eas at both ROIs yielded the highest percentage values at elevated

HOB angles, even at the highest threshold (25%). Moreover, pres-

sure gradients at the buttock ROI revealed high sensitivity values

for high HOB angles, whereas no specific trends in sensitivity were

identified at the whole body ROI. Tilt angles at the trunk and pelvis

demonstrated a wide-range of sensitivity values across the thresh-

old range, namely 2 ° to 10 °. During the final transition from 10 °
HOB to supine, the sensitivity decreased to 0% for threshold value

exceeding 6 ° and 4 ° for trunk and waist, respectively. 

The specificity of the buttock COP for each threshold is pre-

sented in Figure 5 B. It is evident that at the lowest threshold

of 5 mm the specificity ranged from 27% to 70%, suggesting that

the COP displacements were limited in predicting postural change.

These can be compared to values of between 90 and 100% at the
 a  
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ighest threshold of 30 mm. By contrast, the corresponding speci-

city often attained lower percentage values when considering the

ther pressure parameters at the buttock ROI (data not shown). No

vident trends in the specificity values were evident for all param-

ters at the whole body ROI. In addition, tilt angles at the trunk

nd pelvis showed a wide-range of specificity values across the

hreshold range, with no evident trends. 

.3.2. Postural changes in the transverse plane 

The sensitivity of movements in the transverse plane decreased

or all parameters with increasing threshold values. This is exem-

lified in Figure 6 with the values estimated for the buttock COP.

t reveals marked differences during the left and right lateral turn-

ng protocols, suggesting considerable asymmetry, which was also

pparent with respect to the whole body COP and contact areas
sitivity analysis to evaluate the performance of temporal pressure 
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Fig. 6. Sensitivity values in detecting the changes in posture in the transverse plane during left and right turning for the buttock COP at four threshold values, ranging 

between 5 mm and 30 mm. 

Table 4 

AUC of the interface pressure parameters evaluated at the whole body and buttock area, and tilt angles evaluated 

at the trunk and waist, calculated from the ROC curves for all the changes in posture. ∗ indicates AUC values which 

exceeded 0.5. 

AUC 

COP CA PG Tilt angles 

Whole Body Buttock Whole Body Buttock Whole Body Buttock Trunk Waist 

Supine – 10 ° 0.06 0.12 0.16 0.31 0.01 0.27 0.53 ∗ 0.49 

10 °–20 ° 0.41 0.14 0.21 0.41 0.25 0.31 0.45 0.44 

20 °–30 ° 0.53 ∗ 0.04 0.25 0.36 0.40 0.47 0.49 0.47 

30 °–40 ° 0.61 ∗ 0.24 0.69 ∗ 0.53 ∗ 0.24 0.27 0.59 ∗ 0.45 

40 °–50 ° 0.36 0.14 0.59 ∗ 0.54 ∗ 0.22 0.41 0.64 ∗ 0.29 

50 °–60 ° 0.48 0.03 0.74 ∗ 0.61 ∗ 0.33 0.51 ∗ 0.80 ∗ 0.60 ∗

60 °–50 ° 0.31 0.03 0.71 ∗ 0.74 ∗ 0.26 0.48 0.81 ∗ 0.56 ∗

50 °–40 ° 0.21 0.03 0.71 ∗ 0.72 ∗ 0.30 0.34 0.55 ∗ 0.47 

40 °–30 ° 0.17 0.04 0.71 ∗ 0.71 ∗ 0.22 0.40 0.68 ∗ 0.68 ∗

30 °–20 ° 0.41 0.03 0.53 ∗ 0.55 ∗ 0.24 0.21 0.61 ∗ 0.50 ∗

20 °–10 ° 0.58 ∗ 0.27 0.31 0.43 0.30 0.22 0.59 ∗ 0.51 ∗

10 °–Supine 0.56 ∗ 0.19 0.23 0.19 0.14 0.40 0.27 0.09 
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 Table 3 ). By contrast, pressure gradients showed similar sensitiv-

ty values for each turning protocol. 

.4. ROC analyses 

Examples of ROC curves for each of the postural changes for

oth the tilt angles at the trunk and the COP displacement of the

uttock ROI are presented in Figure 7 A and B, respectively. There

re clear differences in the trends of these ROC curves. With re-

pect to the tilt angles at the trunk, all the curves are above the

ashed reference line, which denotes AUC = 0.5. By contrast, with

espect to the COP displacements a number of curves, associated

ith higher HOB angles, are either below the line or do not in-

orporate the full range of sensitivity/specificity. This suggests a

imited ability for these signals to detect these specific postural

hanges within the specified threshold ranges. 

Table 4 summarises the AUC estimated for all the ROC curves

ssociated all the biomechanical parameters. In all cases, the AUC

alues clearly vary with the relative posture of the individual.

he initial movement from supine to 10 ° HOB had limited pre-

ictive capacity in the pressure – related parameters, yielding an

UC value < 0.31. In the majority of these pressure – related pa-

ameters, the AUC values did not exceed the 0.5 threshold. By
Please cite this article as: S. Caggiari, P.R. Worsley and D.L. Bader, A sen
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ontrast, the AUC values estimated from the contact area did ex-

eed this threshold, indicating a good predictive capacity when

OB angles > 20 °. With respect to the accelerometer parameters,

he majority of AUC values exceeded 0.5. The only exception to

his finding was the relatively low AUC values ( < 0.27) associated

ith the trunk and waist when individuals changed posture from

0 ° HOB to supine. 

. Discussion 

Examining the efficacy of repositioning strategies represents

n important clinical challenge in pressure ulcer prevention. Sev-

ral commercial sensing technologies are available to continuously

easure how individual move in bed and chairs [23] . However,

here is a lack of validated technologies, for example with respect

o pressure mapping, where the effectiveness of relief strategies

an be monitored in a robust objective manner. 

The present study has evaluated biomechanical measures esti-

ated at the body – support surface interface from a commercially

vailable pressure monitoring system, to assess their capacity in

etecting evoked postures in sagittal and transverse planes. In ad-

ition, segmental tilt angles estimated from an actimetry system

ositioned at the trunk and waist were used to provide a relative
sitivity analysis to evaluate the performance of temporal pressure 
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Fig. 7. ROC curves across all changes in posture for tilt angles evaluated at the trunk (A) and COP displacements at the buttock ROI (B). Each data point represents a 

sensitivity/specificity pair corresponding to a specific decision threshold. The threshold values increase from the right side to the left side of the curve. 
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omparison of postural movement detection. The results revealed

hat there are limitations to the sensitivity and specificity of some

f the interface pressure parameters to detect postural changes,

epending on the angle of the HOB. As an example, the COP at

he buttock ROI demonstrated low sensitivity at higher HOB an-

les i.e. > 40 ° ( Table 2 and Fig. 5 A), and high specificity during

ach static postures, denoting limited COP displacements ( Fig. 5 B).

his affected the capacity of this parameter to discriminate sagit-

al postural changes, as revealed by the ROC analysis ( Fig. 7 B) and

he corresponding low AUC values ( Table 4 ). Pressure gradient re-

ealed a relatively poor predictive capacity in discriminating differ-

nt postures. By contrast, the contact area estimated at both ROIs

epresented the best predictor of the interface pressure parame-

ers, depicting the evoked postures when HOB angle exceeded 20 °.
mall changes in the interface pressure parameters during lateral

urning indicated a limited redistribution of pressure, particularly

vident in the buttock area. Our findings confirmed that the most

obust signal to determine sagittal postural changes were derived

rom actimetry signals estimated at the trunk [24] , which could

ccurately depict the majority of the evoked postures. 

Previous research has examined the distribution of pressure to

lassify different postures [25–27] , and evaluate the efficacy of in-

ividual postural changes by means of short periods of monitoring

8] , providing an effective snap shot of the conditions at the body

support interface. This short – term monitoring approach clearly

rovides an inadequate representation of the temporal informa-

ion and thus can not estimate the magnitude and the frequency

f movements associated with repositioning and off – loading of

ulnerable tissues. In some cases, a threshold value of 32 mmHg,

hich represents the closing pressure measured at the nail fold

apillaries [28] , is widely cited as a critical pressure for PU risk.

owever, this reference value is considered inappropriate as it does

ot accurately represent the internal stresses/strains within the tis-

ues, which cause damage. Nevertheless, this pressure has been in-

orporated as a threshold into an algorithm of a current pressure

onitoring system (e.g. ForeSite PT) to predict inadequate move-

ents within an associated risk of tissue damage. 

More advanced support surfaces including alternating pressure

ir mattresses and automated tilting systems, are designed to peri-

dically relieve support pressures particularly for the immobile in-

ividuals. However, their benefits over the more economical foam

attress have not been fully demonstrated [29,30] . Despite the ad-

ances in support surface technology, involving a range of interface

aterials, the number of PUs remains unacceptably high. It is ev-

dent that there is a clear need for robust and reliable parame-

ers that can objectively assess the efficacy of individual postural

hanges. This requires further research utilising combined biome-

hanical and physiological responses, to establish the relative ef-

ects of prolonged postures on the tissue response, relative to an

ndividual tolerance [31–33] . 

The present study revealed that pressure monitoring had the

otential to provide objective measures that can act as surrogate

or postural movements. This new approach demonstrated that

ome of the interface pressure parameters at specific regions of

nterest (e.g. contact area) proved good predictors for detecting

ncremental changes in postures, depending on HOB angles. Fur-

hermore, the capacity in detecting postural changes was also in-

uenced by the corresponding specific threshold values. In some

ases, the selected thresholds could not encompass the full range

f sensitivities and specificities. This is reflected in the incomplete

urves in Figure 7 B and the corresponded low AUC values ( Table 4 ).

It is inevitable that the use of a young able – bodied cohort in

he present study precludes generalising the findings to all specific

ub – populations deemed to be at risk of developing pressure ul-

ers i.e. elderly, the spinal cord injuries and those individuals in in-

ensive care units. Further limitations of the study protocol involve
Please cite this article as: S. Caggiari, P.R. Worsley and D.L. Bader, A sen
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 pre-determined order of small postural changes (10 ° increments)

ollowing a relative short period of 10 min in which each posture

as maintained. Thus, future studies should examine fewer pos-

ures maintained for extended periods involving HOB increments

hanges of 20 °. Future studies should examine also the movements

erformed at the upper body and lower body ROI and, in addition,

stimate both the magnitude and frequency of movements. 

In the light of our findings, a collection of signals estimated

rom both pressure mapping and actimetry system could accu-

ately track postures and mobility during different relief strate-

ies. They could also, whilst provide critical information with re-

pect to interface conditions, which are indicative of pressure ulcer

isk. In addition, they can inform both individuals and healthcare

rofessionals of the status of mobility of an individual, providing

he scope for efficient interventions. New analyses are required to

rovide a systematic means of combining and reducing data from

ressure mapping and actimetry in order to provide meaningful

nformation at minimal computational costs. The development of

ore sophisticated algorithms able to interrogate individual posi-

ioning and mobility and establish different tissue tolerance levels

an contribute to a custom – based approach to predict early tissue

amage. Accordingly, future studies should examine the applica-

ion of machine learning approaches on the time – related biome-

hanical signals to accurately classify the range and frequency of

ovements [34,35] . Ultimately, the research approach has to be

ranslated into a robust and simple-to-interpret data, from pres-

ure monitoring and/or actimetry systems, in the clinical setting. 

. Conclusion 

The present study revealed that a selected number of biome-

hanical parameters estimated from a commercial pressure moni-

oring system were capable of detecting a range of supine postures

n the sagittal and transverse planes. Their sensitivity and speci-

city were affected by both threshold values of the parameters and

he relative position of the individuals. Contact areas at both the

hole body and buttock ROIs were identified as the most accu-

ate of pressure – related parameters in depicting specific postu-

al changes. A combination of pressure monitoring and actimetry

ystems can provide a means to accurately assess movements in

upine postures. 
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