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Abstract

More than 2.5 million people in the United States develop pressure injuries annually, which
are one of the most common complications occurring in hospitals. Despite being common,
hospital-acquired pressure injuries (HAPIs) are largely considered preventable by regular
patient turning. Although current methodologies to prompt on-time repositioning have lim-
ited efficacy, a wearable patient sensor has been shown to optimize turning practices and
improve clinical outcomes. The purpose of this study was to assess the cost-effectiveness
of patient-wearable sensor in the prevention of HAPIs in acutely ill patients when com-
pared to standard practice alone. A decision analytic model was developed to simulate the
expected costs and outcomes from the payer’s perspective using data from published litera-
ture, including a recently published randomized controlled trial. Both univariate and proba-
bilistic sensitivity analysis were conducted. The patient-wearable sensor was found to be
cost saving (dominant). It resulted in better clinical outcomes (77% reduction in HAPIs)
compared to standard care and an expected cost savings of $6,621 per patient over a one-
year period. Applying the model to a cohort of 1,000 patients, an estimated 203 HAPIs
would be avoided with annualized cost reduction of $6,222,884 through all patient treat-
ment settings. The probabilistic analysis returned similar results. In conclusion, the patient-
wearable sensor was found to be cost-effective in the prevention of HAPIs and cost-saving
to payers and hospitals. These results suggest that patient-wearable sensors should be con-
sidered as a cost-effective alternative to standard care in the prevention of HAPIs.
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Introduction

In 2019, the Agency for Healthcare Research and Quality reported that HAPIs had
increased by 6% over 2014 baseline, whereas all other hospital-acquired conditions
(including falls, ventilator-associated pneumonias, and central line-associated blood-
stream infections) decreased by an average of 13% over their 2014 baseline rates
(Bysshe et al., 2017). According to the AHRQ report, 683,000 HAPIs occurred in 2017
with an excess mortality rate of 0.041 per HAPI. An estimated 28,000 patients died
as a direct result of having acquired a pressure injury during their hospitalization. The
number of HAPI-related deaths was higher than falls, adverse drug effects, surgical site
infections, ventilator-associated pneumonias and central line-associated bloodstream
infections combined.

Routine patient repositioning has been shown to strongly correlate with lower inci-
dence of HAPI (Bergquist-Berenger et al., 2013) and is a recommended clinical prac-
tice to prevent pressure injuries for all at-risk patients (EPUAP/NPIAP/PPPIA, 2019).
Patient repositioning at regular intervals reduces the duration of time tissues are
exposed to pressure, hence minimizing the opportunity for a pressure injury to occur.
Most recent guidelines recommend repositioning all patients at risk for pressure injuries
in a way that offers optimal offloading of all bony prominences and maximizes pres-
sure redistribution (EPUAP/NPIAP/PPPIA, 2019). Traditionally, turn protocols have
required adherence to a 2-h repositioning interval, yet multiple studies show that this
standard is rarely met. Studies examining adherence to turn protocols have estimated it
to be between 10% (Winkelman et al., 2010) and 64% (Schutt et al., 2017).

Traditional prevention efforts and hospital incentives (Padula et al., 2019) have
largely failed to rein in pressure injuries, and HAPIs continue to be expensive to treat.
Individual HAPI treatment costs range from roughly $5,000 (Spetz et al., 2013)-over
$100,000 (Brem et al., 2010), with most recent data suggesting that the mean cost to
treat a HAPI is $21,767 per occurrence (Wassel et al., 2020). These costs increase sig-
nificantly for critical care patients and for more severe pressure injury stages. At the
national level, the United States is estimated to spend between $10 billion (Berlowitz
et al., 2019) and $26.8 billion (Padula et al., 2019) dollars per year on pressure injury
related costs.

Aims

The aim of this economic evaluation was to determine whether the use of a patient-
wearable sensor (LEAF Patient Monitoring System™, Smith+ Nephew, Inc.), which
has been shown to reduce HAPIs by increasing adherence to turn protocols (Schutt,
2017; Yap, 2019), is a cost-effective prevention strategy when used as an adjunct to
standard care, when compared with standard care alone.
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Methods and perspective

A decision-analytic model was constructed to determine the total incremental cost and
benefit of the intervention over standard care, compared with standard care alone from
a US payor perspective, and if investment in a prevention strategy would save overall
costs related to HAPI. The findings are also applicable to long-term care facilities where
patients are at risk for pressure injuries and may thus need constant monitoring.
Decision models are widely used to determine the cost-effectiveness of one manage-
ment or treatment strategy compared with an alternative strategy (Hoang et al., 2016;
Drummond et al., 2005). We developed a Markov model with nine different health states
to estimate the cost-effectiveness and cost utility of a patient-wearable sensor in addition
to standard care compared to standard care alone in the prevention of HAPIs. The Markov
modelling approach is useful for estimating costs and consequences for recurring chronic
conditions that change over time (Hoang et al., 2016; Kuntz et al., 2013). In the model,
all patients start in the no HAPI health state when they are admitted in the hospital inten-
sive care unit (ICU) or general ward, and then transition over time to other health states at
defined intervals (cycles). This model used time horizons of 52 weeks and a cycle length
of 1 week in line with other published economic evaluations (Padula et al., 2011; Pham
et al., 2011) in the base case. At the end of week 1, for those that develop HAPISs, a propor-
tion of the cohort moved progressively into either pressure injury stage 1, 2, 3, 4, or had an
unstageable HAPI, or developed a deep tissue injury (DTI), healed or died. Figure 1 shows
the schematic presentation of the model and the arrows represent transition probabilities
from no HAPISs, to stage 4 progressively. Patients can stay in the same health state (stage),
as shown by a circular arrow, or move to the next stage. The proportion of patients in each
of the different stages of HAPIs was obtained from a study by Pickham et al. (Pickham
et al., 2018a). Those that developed HAPIs could also heal or die according to a constant
transition probability obtained from the literature (Pickham et al., 2018a; Padula et al.,
2011; Padula et al., 2019; Pham et al., 2011). We assumed that patients that developed
DTI or unstageable HAPIs, followed a similar path to those patients that developed stage
2 HAPIs. Thus, they would progress to stage 3 HAPI, heal, or die. Death health state is an
absorbing state, because patients cannot move out of this state once they enter. Probability
of dying was obtained from the US Life Tables (2017), using a 75-year-old with no HAPI
in the base case. Wassel et al. (2020) found that patients with HAPIs were at increased risk
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Fig. 1 Model flow diagram
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of mortality by 4.09, 5.09, 5.36, 5.75 and 6.67 times for HAPI stages 1 to 4 and unstage-
able, respectively. We applied this increased risk of dying to the baseline of 3.05% to cal-
culate the probability of dying for each HAPI stage. Those patients that did not develop
HAPIs exited the model upon discharge and are assigned the general cost of no HAPIs.

Interventions

For the base case analysis, HAPI incidence data were used from the recent 1312-patient
randomized controlled trial (RCT), which investigated the effectiveness of using a patient-
wearable sensor in addition to standard care compared with standard care alone (Pick-
ham et al., 2018a). The patient-wearable sensor (LEAF system, Smith + Nephew, Inc.
Fort Worth, TX) provided visual turn cues to care staff based on prescribed repositioning
frequency, adequacy of the turn per prescribed turn angle, and reperfusion time between
turns. Standard care included adhering to the latest international guidelines on pressure
injury prevention (NPUAP/ EPUAP 2019), in addition patients received turning care based
on traditional turn reminders and standard practices. Standard care was meant to minimize
or eliminate friction and shear, minimize pressure with off-loading, manage moisture, and
maintain adequate nutrition and hydration.

The study by Pickham et al. (2018a), found that the use of the patient-wearable sensor
was associated with a reduction in HAPI incidence from 2.7 to 0.7%. The study popula-
tion consisted of patients who were admitted to the ICU with no existing pressure injuries
but were deemed to be at risk of developing one. In addition to standard care, patients
in the intervention group received optimal turning practices, influenced by real-time data
derived from a wearable patient sensor. The patient-wearable sensor reduced the occurance
of HAPIs by 73% based on per-protocol analysis or by 67% based on intention-to-treat
analysis. Once a HAPI developed, data in the study was not tracked to monitor the impact
of the sensor on subsequent transitions between different pressure injury stages. For our
sensitivity analysis, data was obtained from a meta-analysis involving 7 hospitals and the
Pickham et al. RCT (Nherera et al., 2020), where the HAPI rates of patients receiving the
wearable sensor versus standard care were compared. This meta-analysis showed that the
patient-wearable sensor reduced the occurrence of HAPIs by 70%. Probabilities of mov-
ing from one HAPI stage to another were informed by cost-effectiveness publications from
Padula et al. (2019) and Pham et al. (2011).

Utility data used in the model

The quality of life (QoL) weights in a study by Padula et al. (2011) were used. The weights
were measured using EQ-5D and are obtained from the US populations who are in their
50 s. Although health-related quality of life (HRQOL) is dependent on age (Fryback et al.,
2007), for simplicity, we did not incorporate this age dependency on the HRQOL estimates
used in the model. Table 1 below shows the clinical and utility data used in the model.
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Resource costs

The model included the cost of the patient-wearable sensor, which was the 2019 list price
obtained from the manufacturer. The cost of standard care was not directly modelled as this
was assumed to be the same between the two strategies being compared. The cost of treat-
ing admitted patients who developed HAPIs and those who did not develop HAPIs was
obtained from matched patients admitted in hospital ICU reported in the study by Was-
sel et al. (2020), which utilized data from the Premier Healthcare Database (PHD), a US
service-level, all-payer database that contains information on medications, laboratory tests
performed, diagnostics, and therapeutic services, in statistically de-identified patient daily
service records. Wassel et al. (2020), assessed the occurrence of HAPIs using ICD-9 codes
707.00-707.09 and 707.20-707.25., and key outcomes included, readmissions, length of
hospital stay (LOS) and costs. The total costs by HAPI stage included all services, medi-
cations, and supplies billed during the index hospitalization and factored in the patient’s
LOS including any days of ICU stay. We adjusted the costs for inflation to 2020 US dollars
using the U.S. Department of Labor Consumer Price Index-All Urban Consumers data.
The cost of the intervention was calculated using the manufacturer’s 2020 list price for the
patient sensor. We also explored the possibility that some patients may need more than one
sensor in sensitivity analysis. The costs over the model time horizon defined as 26 weeks
and 52 weeks were summed to give a total cost of treatment for each arm of the model.
Because of the relatively short timescale, costs and effects were not discounted. The model
was implemented using Microsoft Excel (Microsoft Corporation) and the cost inputs are
shown in Table 2.

Cost-effectiveness analysis

The difference in costs (the incremental cost) was calculated as the total cost for patient-
wearable sensor plus standard care minus the total cost for standard care alone. Effective-
ness was calculated in two ways: 1) the number of HAPIs avoided at 52 weeks, and 2) the
total number of quality adjusted life years (QALYs) gained at 52 weeks. The incremental
effectiveness was calculated as effectiveness of patient-wearable sensor plus standard care
minus the effectiveness of standard care alone. The incremental cost-effectiveness of the
patient-wearable sensor relative to standard care was calculated as the difference between
the incremental costs of the patient-wearable sensor divided by the incremental difference
in effectiveness between the two strategies measured in HAPIs avoided or QALYS over
52 weeks.

Sensitivity analysis

Whenever an economic model is done, the model parameters used, such as the various
probabilities and unit costs, are subject to uncertainty (O’Brien and Briggs, 2002). In order
to investigate the effect of uncertainty in the model assumptions, two types of sensitivity
analyses were undertaken. Firstly, a one-way sensitivity analysis, which gives insight into
the relative sensitivity of the results to the individual model inputs. This approach varies
individual inputs one at a time holding other inputs constant and recording the resultant
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incremental costs and benefits. Values used in the sensitivity analysis are derived from lit-
erature whenever possible; if they are not reported, it is useful to set the limits of each vari-
able to a defined percentage for instance +20% of the point estimate, to enable the com-
parison of sensitivity of inputs.

Recently, one-way sensitivity analysis has become less important because of the wide-
spread development and adoption of probabilistic methods (O’Brien and Briggs, 2002).
We therefore implemented a probabilistic sensitivity analysis, where each input is assigned
a probability distribution, and the model is run many times, drawing input values from the
assigned distributions at random. While the one-way sensitivity analysis changes the input
values one at a time, a probabilistic approach changes all the values of the model param-
eters simultaneously. The distributions used in the probabilistic model and values used in
the one-way sensitivity analysis are shown in Tables 1 and 2 and a total of 2,000 iterations
of the model were run.

Scenario analyses

Additional scenario analyses were included as follows: (1) a 26-week time horizon where,
instead of the 52 weeks used in the base model; (2) assessed the cost-effectiveness in the
general ward instead of the ICU, assuming the occurrence of HAPI was similar in gen-
eral and ICU units; and (3) time horizon equal to average LOS for a single hospitalization
(rounded to 4 weeks).

Results

The patient-wearable sensor in addition to standard care was found to be cost saving and
more effective than standard care alone (Table 3). Switching patient practice from standard
care alone to adding a patient-wearable sensor on top of standard care would result in an
expected cost saving of $6,621 per patient, and an expected reduction in HAPI incidence of
77% over 52 weeks. Applying the model to a cohort of 1,000 patients, it is estimated that
203 HAPIs would be avoided, with an overall cost reduction of $6,621,113. The patient-
wearable sensor, when added to standard care practices for HAPI prevention, is superior to
standard care alone from both a clinical and financial perspective.

Table 3 Baseline results, expected costs and outcomes for a cohort of 1000 patients at 52 weeks for patient-
wearable sensor plus standard care compared with standard care alone

Intervention Patient-wearable sensor Standard care Difference
Costs $39,579,924 $46,201,037 —$6,621,113
QALYs 15.49 14.54 0.95

HAPI avoided 895 693 203

HAPI hospital-acquired pressure injury; QALYs quality adjusted life years
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Table 4 One-way sensitivity analysis results showing savings per 1000 patients

Base case PP RR 0.27 (95% C1 0.10 to 0.75) -$6,621,113

One way-sensitivity analysis Lower value Upper value
Effectiveness of patient-wearable sensor PP —$8,506,636 —$1,940,269
Results ITT —$5,987,365

RR 0.33 (95% CI1 0.12 to 0.90)

Effectiveness of patient-wearable sensor ITT —$8,277,489 —$635,260
Results—Meta-analysis —$6,302,285

RR 0.30 (95% CI1 0.21 to 0.44)

Effectiveness of patient-wearable sensor meta-analysis —$7,270,898 —$4,864,581
General ward costs —$4,636,163

Follow up 4 weeks —$974,815

Follow up 26 weeks —$4,865,325

Number of patient sensors =2 —-$6,421,113

ICU intensive care unit; /7T intention-to-treat analysis; PP per-protocol analysis, RR risk ratio

One-way sensitivity and scenario analysis

One-way sensitivity analyses were performed on key model inputs to investigate the impact
the independent variation of each input had on: the incremental cost; incremental bene-
fit; and incremental cost-effectiveness ratios (Table 4). The one-way sensitivity analysis
showed that the model was not sensitive to all of the assumptions that were used in the
model, since none of individual changes in parameters resulted in the reversal of the con-
clusions. The intervention remained dominant (more effective and cost-saving) throughout
the sensitivity analysis, indicating that the findings are quite robust to changes in the val-
ues. Even when we explored the possibility of patients needing more than one sensor, in
this case applying multiple sensors per patient, the patient-wearable sensor remained cost
saving, suggesting the model is not sensitive to this assumption.

Probabilistic sensitivity analysis

Uncertainty was also assessed using probabilistic analysis. The results of the probabilistic
analysis plotted as incremental cost against incremental effectiveness on a plot known as
the cost-effectiveness plane are shown in Fig. 2. The patient-wearable sensor is dominant
in 96% of the simulations and there is a 99% probability that it is cost-effective if the payer
is willing to pay $50,000/QALY gain. Table 5 shows the expected cost per 1,000 patients
and number QALY's and HAPIs avoided, obtained from the probabilistic analysis.

The probabilistic results confirmed the base case deterministic results, suggesting that
we can be confident that the patient-wearable sensor is indeed cost saving in preventing
HAPIs when compared to standard care alone.
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Fig.2 Results of the probabilistic sensitivity analysis; the cost-effectiveness plane

Table 5 Probabilistic results, expected costs and outcomes for 1000 patients at 52 weeks for patient-weara-
ble sensor plus standard care compared with standard care alone

Intervention Patient-wearable sensor Standard care Difference
Costs $39,928,973 $46,151,857 —$6,222,884
QALYs 15.49 14.57 0.92

HAPI avoided 885 694 191

HAPI hospital-acquired pressure injury; QALYs quality adjusted life years

Discussion

In today’s healthcare systems, it has become increasingly important to demonstrate that
new technologies provide financial value. It is therefore important that payers and poli-
cymakers have the tools to make the best decisions about which products and services
to adopt. One way of making better informed decisions is adopting cost-effectiveness
analysis. In the United States, the “Triple Aim” (Institute for Healthcare Improve-
ment) is a framework that aims to optimize the performance of the healthcare system
by improving patients’ experience, improving population health, and reducing cost of
healthcare per patient (Berwick et al., 2008). This means that for new technologies, their
potential to save resources should be considered as well as their clinical effectiveness.
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Patient-wearable sensors have been shown to be effective in the prevention of HAPIs
(Pickham et al., 2018a, b; Nherera et al., 2020) and improves patient repositioning
compliance (Yap et al., 2019; Pickham et al., 2018b; Schutt et al., 2017). The study by
Pickham et al. (2018a) showed a 73% reduction in HAPIs while the meta-analysis by
Nherera et al. (2020) validated the results of the randomised control trial by Pickham
et al. (2018a). The meta-analysis by Nherera et al. (2020) consisted of 8 studies which
enrolled more than 19,000 patients who used the patient-wearable sensor. The study
showed a 70% reduction in HAPIs when compared to standard of care. These studies
were conducted in hospitalized acutely ill patients in the United States and therefore
the results may not be generalizable to other countries or care settings. Modelling of
the results demonstrated that the patient sensor will result in improved clinical benefits
in the form of fewer cases of HAPIs (77% reduction in HAPIs) and increased QALYSs
at reduced costs over a 52-week period. The cost savings are estimated to be $6,621 per
patient.

Because the patient sensor results in improved clinical outcomes and is estimated to
be less expensive overall, it is deemed to be cost saving or it can be described as a domi-
nant economic strategy. This dominance of the patient-wearable sensor is a result of the
increased effectiveness of the sensor in preventing HAPIs. Furthermore, the observed sav-
ings could be more than estimated in this study, as it did not take into account other poten-
tial costs to the provider, such as litigation costs or intangible costs resulting from poor
hospital quality ratings. These results therefore suggest that hospitals and payers would
benefit financially, clinically, and reputationally should they choose to implement a patient-
wearable sensor.

Considering the budget impact of adopting the sensor for a hospital or payer that has a
census of 1,000 patients per year, assuming the effectiveness seen in Pickham et al. (2018a)
study and a baseline rate of HAPIs recorded in the same study of 2.7%, we estimate that the
patient-wearable sensor will help prevent 20 HAPIs compared to standard care alone (73%
reduction, standard care 27 HAPIs vs. 7 HAPIs for patient-wearable sensor in addition to
standard of care). Wassel et al. (2020) reported the average additional cost of a HAPI to be
$21,767, which varies by HAPI stage. Assuming all the 1,000 patients get the sensor, the
hospital can potentially realise a saving of $235,340 per year by adopting this policy. These
savings can be more for HAPIs stage 3 and 4 and less for stage 1 and 2.

Our study is the first economic analysis that has considered the use of patient-wearable
sonsor in reducing HAPIs. The study is undepinned by robust clinical evidence from a
RCT (Pickham et al., 2018a) and further evidence from a meta-analysis (Nherera 2020).
HAPIs are a widely recognised problem, the incremental costs of which has been estimated
to be about $21,767, varying by stage of HAPI (Wassel et al., 2020). Any intervetion that
reduces the occurance of HAPIs will save the payers and hospitals money, as our study has
demonstrated. We conducted a number of sensitivity analysis to test the robustness and
sensitivity of the model results across a wide range of inputs. We noted that the model was
not sensitive to changes in individual inputs, or all of the inputs when varied simultenously.
This suggests that we can be confident that the patient-wearable sensor is indeed cost-sav-
ing. Prevention of HAPIs is therefore a potentially useful way to reduce healthcare costs
and potentially increase profitability of hospitals as well as enhancing reputational status.

In addition to a sensitivity analysis, we also conducted scenario analyses. In the base
model we used effectiveness data on the perfomance of the patient-wearable sensor from
the per protocol analysis of the RCT by Pickham et al. (2018a). In a scenario analysis, we
used the intention-to-treat analysis and also the data from the meta-analysis by Nherera
et al. (2020). The results remained robust as we retained the same cost-saving conclusions.
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The base model was analysed over one year to estimate the annual cost per patient. In sen-
sitivity analysis, we limitted the analysis to 4 weeks in line with the expected length of
stay of hospitalised HAPI patients. The model continued to show cost saving of $965 per
patient even at 4 weeks. Furthermore the base model considered patients in the ICU, we
evaluated perfomance of the patient-wearable sensor in the non-ICU settings, assuming the
effect of the sensor was the same in ICU and general care units. Patients in the non-ICU
settings accrue less costs compared to those in the ICU as the Wassel et al. study showed.
The results remained cost saving, suggesting that we can be confident that the patient sen-
sor is indeed cost saving when compared to standard care in preventing HAPIs.

Our findings are in line with other studies that have considered prevention of pressure
injuries before (Padula et al., 2011; Pham et al. 2011). A study by Padula et al. (2011) com-
pared the use of prevention strategy using the Wound, Ostomy, Continence Nurses Soci-
ety guidelines with standard of care in hospital inpatients and concluded that prevention
strategy was cost-saving by about $1,200 per patient. Another study by Pham et al. (2011)
evaluated a number of prevention strategies compared to standard of care in long-term care
residents where prevention strategies, especially those targeting high-risk patients, were
more cost-effective. Our study of course used a different strategy of prevention over and
above the best practices that were considered by the other two studies mentioned. This sug-
gests that these current best practices alone are not adequate in preventing HAPIs, as our
study and the one by Pickham et al. (2018a) demonstrated.

In addition to the financial benefit and improved clinical patient outcomes, patient-
wearable sensors may have additional advantages over standard care not evaluated in the
current study. For example, Hendricksen et al. (2019) suggested that the patient-wearable
sensors may also reduce hospital-acquired pneumonia by 40% in critical patients (n=597).
Another study by Ifedili et al. (2018) also found that the patient-wearable sensor has the
potential to improve teamwork, communication, and compliance with evidence based
practice in resident care homes. It is anticipated that this improvement in turning prac-
tice, teamwork, compliance and therefore the improvement in clinical outcomes can be sus-
tained as a result of this technology.

Limitations

This evaluation has several limitations. First, the assumptions made for effectiveness
reflect data from only 1 RCT, although more data exists from observational studies that
seem to confirm the RCT findings (Nherera et al., 2020). However, we perfomed a scene-
raio analysis using data from the meta-analysis and itention-to-treat analysis and we were
reassured that the patient-wearable sensor was indeed cost-saving. Second, ICU HAPI
occurence data was used in the model assuming that HAPI occurrence is the same in both
ICU and general nursing units, despite ICU patients likely being at higher risk for HAPI
than patients in general wards due to their prolonged immobility and severity of illness.
One occurrence rate was chosen for the model for the sake of simplicity and due to lack of
specific occurrence data in general wards. Third, the reported clinical effectiveness did not
report by HAPI stage and therefore we assumed the effectiveness of the patient-wearable
sensor was the same across all HAPI stages. However, further clinical effectiveness evi-
dence by HAPI stage is needed and the cost-effectiveness model should be updated once
such data becomes available. In particular, we recommend that real-world observational
studies reporting both clinical and economic data should be conducted as these have the
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potential to demonstrate the results in non-controlled environments and therefore can be
widely generalized to the wider population beyond the acute care setting.

Conclusions

A decision-analytic model was used to determine the cost-effectiveness of a patient-weara-
ble sensor compared to standard of care in the prevention of HAPIs. The patient-wearable
sensor was found to be effective in the prevention of HAPIs and our economic analysis
demonstrated that this intervetion is cost-saving to payers and hospitals. These results
therefore suggest that the patient-wearable sensor should be considered as a cost-effective
alternative to standard care in the prevention of HAPIs. The economic analysis used strong
clinical evidence and may provide an opportunity for payers and hospitals to reduce the
economic burden of HAPIs. We encourage other scholars to update this model as more
clinical evidence becomes available, in particular when the effectiveness data is reported
by HAPI stage.
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