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Abstract

Background: Many studies have evaluated the use of wearable monitoring systems to improve patient safety in hospital.
Although some have demonstrated effects on intensive care admissions, there remainslittle evidence of impact on patient outcomes
such as mortality, hospital length of stay, and time to antibiotic administration. Very few studies have focused on how wearable
monitoring systemsare used in clinical practice, including how the rate of manual vital sign measurements (MV SMs) is affected.

Objective: Our primary aim wasto describethe physiological pattern of vital signsin hospitalized patientstreated for COVID-19
outside of critical care. We also report an exploratory post hoc analysis of the impact of displaying wearable monitoring system
data on the frequency of intermittent MV SMs.

Methods: We conducted a retrospective study during the COVID-19 pandemic following deployment of awearable monitoring
system that continuously displayed heart rate, respiratory rate, and oxygen saturation levels. We included patients treated for
COVID-19in 3isolation wards in alarge UK hospital. Wearable monitoring system data were displayed on a dashboard in the
center of each ward. We analyzed the patterns of vital signs in patients monitored using the wearable monitoring system. We
compared the time to next observation (led by nursing staff) for routinely collected MV SM's between periods when patients were
continuously monitored and those when they were not. In exploratory post hoc analysis, we tested whether the difference varied
between stable (early warning score [EWS] above the escalation threshold) and unstable patients.

Results: Patients (N=144) had continuous vital signs above the EWS threshold for escalation for 32.7% (2133/6528) of time
monitored. The unadjusted median time between MV SMs for continuously monitored periods was 39 minutes (95% CI 29-49;
P<.001) longer than for unmonitored periods. When adjusted for EWS category and participant-level clustering, the effect was
attenuated but remained significant (14.6 minutes; P<.001). In exploratory post hoc analysis, we found that increases were larger
during stable observation periods (51 minutes, 95% CI 39-62; P<.001) than during unstable periods (16 minutes, 95% Cl 8-24;
P<.001). However, adjusted analyses did not support a significant difference between stable and unstable periods.

Conclusions: Patients in this study were at elevated risk of deterioration, spending a third of monitored time at or above the
escalation threshold. Wefound that, by offering additional vital sign data between manual measurements, the time between routine
MV SMsincreased, which may reflect changesin nursing task prioritization. Although patient safety outcomes were not directly
measured, we found no indication that reducing observation frequency adversely affected patient safety.

https://medinform.jmir.org/2026/1/e81304 JMIR Med Inform 2026 | vol. 14 | e81304 | p. 1
(page number not for citation purposes)


mailto:sarah.vollam@ndcn.ox.ac.uk
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS

(JMIR Med Inform 2026;14:e81304) doi: 10.2196/81304

Vollam et a

KEYWORDS

vital signs, ambulatory monitoring; patient safety; early warning score; nurse workload; wearable devices

Introduction

Background

Among patients in the United Kingdom hospitalized with
COVID-19 during the pandemic, 42% required ventilatory
support or high-dependency or critical care or died in hospital
[1]. Therefore, patients diagnosed with COVID-19 managed in
hospital wardsrequired close monitoring of vital signsto ensure
that deterioration wasidentified promptly and care was escalated
appropriately. Inusual care, patientsat high risk of deterioration
areplaced in high-visibility areas of the ward so that nurses can
observe them closely. However, due to the elevated risk of
COVID-19transmission both to other patients and staff, patients
were often cared for in single isolation rooms or closed cohort
bays [2]. Isolation, plus the time required by staff to don
personal protective equipment (PPE), posed challenges to the
close observation required to ensure the safety of these patients
who are acutely ill.

Continuous monitoring of vital signs using wearable devices
has long been recognized as having the potential to detect
deterioration earlier than intermittent measurements[3-5]. Early
in the pandemic, it was recognized that patients diagnosed with
COVID-19 had el evated respiratory ratesand rapidly worsening
oxygen saturation levels that reguired high levels of
supplemental oxygen [6]. Asaresult, the use of wearable vital
sign monitoring esca ated, with devices commonly used to allow
low-risk patients to be managed at home [7].

At the start of the COVID-19 pandemic, we were close to
completing development of awearable system for the continuous
monitoring of heart rate, respiratory rate, and oxygen saturation
in hospital wards as part of aresearch project. Multiple phases
of development had been completed that assessed the
wearability, accuracy, and reliability of the wearable devices
and system [8-10]. Given the concerns about maintaining patient
and staff safety in wards with patients with COVID-19, it was
clear that this system had the potential to support local clinical
care in wards receiving patients with COVID-19.
Implementation was therefore accel erated, and the system was
deployed in award in late March 2020, the day on which the
United Kingdom first entered lockdown, with the aim of
supporting nurses in managing these high-risk patients.

Although wearable monitoring is increasingly being used in
ward-based care internationally to support patient safety [3],
little is known about the mechanism of impact [5]. Studies to
date have focused on improving patient safety—related outcomes
(such as in-hospital mortality and length of stay) [3], whereas
studies of staff and patient views of wearable monitoring system
(WMS) use have focused on safety and reassurance [11-13].
The presence of WM Ss al one cannot improve patient outcomes,
and the impact of WMSs on nurse behaviors related to vital
sign monitoring is not well understood [5].

https://medinform.jmir.org/2026/1/e81304

Aim

The primary aim of thisretrospective datastudy wasto describe
the physiological pattern of vital signs over the course
of SARS-CoV-2 infection for hospitalized patients outside of
critical care. In this paper, we aso report a post hoc analysis
exploring the impact of displaying data from the WMS on the
timing of nurses recording intermittent manua vital sign
measurements (MV SMs).

Methods

The system was implemented into usual care as part of alocal
service evaluation (Datix: 5973). Following deployment of the
system, we sought approval to conduct a retrospective data
study linking continuous vital sign data from wearable
monitoring with early warning score (EWS) values from the
electronic patient record (EPR) and limited outcome data, which
were then pseudonymized and extracted from the hospital’s
EPR (Cerner Millennium [14]).

Setting

The service eval uation was undertaken in an isol ation ward with
19 side rooms and two 24-bed medical wards where patients
with COVID-19 were cohorted in open bays within a large
tertiary referral hospital in the United Kingdom.

Participants

Weincluded all patients diagnosed with COVID-19 (confirmed
via laboratory polymerase chain reaction test) and remotely
monitored at any point during their stay in 1 of the 3 wards
where we deployed the wearable system between March 23,
2020, and February 28, 2021.

Vital Signs Monitoring

I ntermittent EWS Measurements

During the service evaluation period, alocally developed EWS
was used [15,16]. According to local policy, based on national
guidance at the time (prior to implementation of the National
Early Warning Score 2), patients with an EWS of 0, 1, or 2
required observations every 4 hours. For a score of 3 or more,
the frequency of observations was increased to hourly
measurements. Vital sign measurements taken intermittently
by nurses were obtained using their usual ward equipment and
recorded in an electronic devicethat transferred datato the EPR
for each patient [17].

Wearable Monitoring System

We published thetechnological aspects of the system previously
[18]. The WM S consists of achest-worn patch monitoring heart
rate and respiratory rate (VitalPatch; VitaConnect) and a
wrist-worn pulse oximeter measuring pulse rate and peripheral
oxygen saturation (SpO,; Nonin WristOx2 3150). Both devices
were connected via Bluetooth Low Energy to abedside Android
Samsung Galaxy Tab A (2016). Partial EWSs were calculated
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every 5 minutes for the continuous wearabl e data by adding the
individual scores for heart rate, respiratory rate, and SpO,
obtained by computing the 5-minute medians for each of these
variables.

The WM Swas devel oped as part of aresearch project following
extensive wearability, functionality, and usability testing[3,9,18]
leading to sel ection of the most reliable, wearable, and accurate
devices. Selection of the pulse oximeter device was supported
by reliability testing, including hypoxiatesting, which identified
extensive variability in accuracy between several devices. The
devicefinally selected for the WM Swas found to underestimate
SpO, values by up to 2% [9]. However, it was assessed as the
most reliable device as it under- rather than overestimated
oxygen saturation (deemed to be safer in clinical practice) and
was the most reliable in terms of connectivity and usability.
This potential underestimation of oxygen saturation was
conveyed to staff during training in the use of the system.

Table S1 in Multimedia Appendix 1 shows the sources of each
vital sign recorded by the WMS and the intermittent nurse
observations. The levels of agreement between these 2 sources
of vital sign data, presented in Figures S1-$4 in Multimedia
Appendix 1, reflect measurements obtained under routineward
conditions, including patient movement and intermittent removal
or adjustment of oxygen interfaces at the time of nurse
observation, rather than a controlled validation setting.

Staff I nterface

Continuous vital sign data were transmitted in real time from
the Android tablet to an in-hospital server installation viaWi-Fi.
A user interface displayed real-time and time-stamped 5-minute
median estimates of heart rate, respiratory rate, and SpO, (as
well asthe 1-lead electrocardiogram and photoplethysmogram
waveforms) and corresponding partial EWSs aongside
intermittent vital sign measurements recorded by the nursing
staff and the corresponding overall EWS. The interface used a
“traffic light” scheme in displaying these data, with individual
cards highlighted in green (EWS of 0), amber (EWS of 1-2),
and red (EWS of =3) according to the calculated partial EWS
from wearable monitoring. This was displayed on dedicated
desktop screens at the central nurses' station in each ward. No
audible or visual alerts were implemented. The user interface
was also viewable on other devices (using log-in credentials)
by research and clinical staff. In total, 20 sets of wearable
monitoring equipment were available to staff in the 3 wards,
and monitoring use was based on the clinical judgment of the
nursing staff.

https://medinform.jmir.org/2026/1/e81304
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Data Extraction and M anagement

Pseudonymized data were retrospectively extracted from the
local National Health Service (NHS) hospital data warehouse
by hospital employees and associated with the wearable data
via a link table (mapping local record numbers to system
identifiers) after applying the NHS digital data opt-out service.
All datawere stored on asecure hospital server for analysisand
only accessible within the hospital network.

Data extraction was limited to the following variables:

«  Patient demographics (age and sex)

+  Ward admission and discharge time stamps

« Intermittently measured vital sign values, corresponding
EWSs, and time stamps

«  Outcome data, including in-hospital death, admission to
the intensive care unit (ICU), and cardiac arrest call

Extracted data were limited to the duration of hospital
admission. There was no follow-up, and study duration ended
at death or hospital discharge.

All patients had periods without continuous monitoring data
before and/or after being on the WMS. These data were split
into 2 datasets: periods A (periods without wearable monitoring
data—"unmonitored periods’) and B (periods during which
wearable monitoring datawere recorded—" monitored periods”).
Therefore, the 2 datasets were generated from the same cohort
of patients. Given the retrospective design, it was not possible
to accessintermittent vital sign datafrom anonmonitored cohort
of patients.

Patients with no monitoring data were not included in the
analysis. Once a patient was considered to have been monitored
using wearabl e devices, data availability was calculated as the
percentage of at |east onevital sign value being received within
a5-minuteinterval between thefirst and last wearable data point
received.

Analysis

Time to Next Observation

The time to next observation (TTNO) was defined as the time
interval in minutes between 2 consecutive nurse-led recorded
observation sets (EWS,, and EWS,,,,; Figure 1). We compared
the TTNO between periods A (unmonitored periods) and B
(monitored periods) and between subgroups of “stable” (EWS
of 0-2) and “unstable’” (EWS of =3) periods, reporting the
median and 95% Cls.
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Figurel. Visualization of timeto next observation (TTNO) and wearable data capture. EWS: early warning score; HR: heart rate; RR: respiratory rate;

SpO2: peripheral oxygen saturation; WMS: wearable monitoring system.
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Distribution of TTNO Values

Distribution of TTNO values was split into quartiles and
compared between periods A (unmonitored periods) and B
(monitored periods). To explore the potential safety impact of
monitoring, we compared the change in EWS between
consecutive nurse observations when nurse observation was
much later than expected (within the highest quartile [fourth]
of the TTNO distribution) for unmonitored periodsvs monitored
periods.

Only complete sets of intermittent vital sign measurementsfrom
nurse observations (heart rate, respiratory rate, SpO,, blood
pressure, and temperature) were included in the analysis. We
excluded all EWS,,,; setswith a TTNO of lessthan 10 minutes
as we assessed that the nurse was unlikely to have left the
isolation room between 2 sets of measurements so closeintime.
Weexcluded EWS,,; setswitha TTNO of 900 minutesor more
asthisindicated that the patient had |eft theward for aprolonged
period (ie, transferred from and subsequently readmitted to the
ward).

Statistical Analysis

Statistical analysis was conducted using Python (Python
Software Foundation) and R software (R Foundation for
Statistical  Computing). Medians, IQRs, and normalized
histograms (Seaborn version 12.1 [19]) were used to compare
the TTNOs between the unmonitored and monitored periods.
Bootstrap with replacement (n=5000) was used to compute 95%
Cls. The Mann-Whitney U test was used to determine
significance (P<.05) between skewed distributions. The z test
was used to determine significance (P<.05) between normal
distributions (confirmed using the Shapiro test).

Using the GAMLSS library (version 5.4.3) [20], the following
mixed effects model was applied to test for the effect of the

https://medinform.jmir.org/2026/1/e81304
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monitoring period onthe TTNO (in Wilkinson notation): TTNO,,
~EWS unstable, + monitoring_period, + (1 participant), where
TTNQ, is the TTNO from the current observation set n,
EWS_unstable,isabinary variablewith avalue of 1if the EWS
for the current set of observations n (which drives the TTNO)
wasequal to or above 3 and 0 otherwise, and monitoring_period,
is a binary variable with a value of 1 if the patients were
monitored using the wearables at the time of the set of
observations n (both variables modeled as fixed effects).
Random effects were considered for each participant
(1|participant), indicating that the model includes a random
intercept for each participant. We assumed anormal distribution
for the random effectsand error term. Sensitivity analysesusing
gammaand log-normal mixed model swere performed to assess
the impact of skewness. An a value of .05 was used to assess
the significance of the effect of wearable monitoring
(monitoring_period,). As a robustness check, the model was
also re-estimated treating EWS as a continuous variable rather
than abinary variable. An interaction between clinical stability
and monitoring period was also explored as an additional
analysis.

WM S-recorded EWS trajectories were summarized relative to
normalized hospital length of stay (0%-100%) to mitigate
confounding introduced by variable lengths of stay and to align
patients by comparable phases of hospitalization or relative to
normalized wearable monitoring time to align trajectories by
comparable phases of monitoring regardless of monitoring
duration. Trajectoriesindexed to rel ative monitoring time should
be interpreted with caution as varying monitoring durations
may introduce survivorship and compositiona biases at later
time points, where fewer patients contribute to the estimates.
At each relative percentage point, the mean of the maximum
EWS values from all contributing patients was calculated to
generate group-level trgjectories. The 95% Cls were estimated
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using nonparametric bootstrap resampling. WM S-recorded EWS
trajectories were also compared between patient subgroups
defined aswave 1 (patients monitored between March 2020 and
August 2020) and wave 2 (patients monitored between
September 2020 and February 2021) [21]. Analyses were
descriptive and intended to characterize patterns of EWS
trajectories across patient groups.

Ethical Consider ations

As this was a retrospective data study that did not use any
identifiable data, Health Research Authority approval was
sought and granted (12/HRA/1234), and the study wasregistered
(ISRCTN 85624923).

Vollam et a

Results

Overview

A total of 157 unique patients were monitored using the WM S
between March 23, 2020, and February 28, 2021, with dataon
144 (91.7%) patients available after exclusions were applied
(Figure 2). There were no missing outcome data from included
patients. The median age was 62.5 (IQR 47-77) years, and
29.9% (43/144) of the patients were femae. The age
distributions of patients admitted during waves 1 and 2 are
shown in Figure S5 in Multimedia Appendix 1. Of the 144
patients included in the analysis, 97 (67.4%) were admitted to
sideroomsin an isolation ward, and 47 (32.6%) were admitted
to cohorted baysin 2 medical wards.

Figure 2. Patient cohort flow diagram. ICU: intensive care unit; NHS: National Health Service.

‘ 157 patients ‘

Excluded (n=13)
- More than one admission (n=1)

- NHS opt-out service (n=9)
- Nodata (n=3)

‘ 144 patients ‘

I

Survived up to hospital discharge (n=106)
- Survived admission to ICU (n=25)

Trajectory of llinessand Pattern of Vital SignsDuring
SARS-CoV-2 Infection

Of the 144 patients available for analysis, 38 (26.4%) died
during their hospital admission, 31 (21.5%) were admitted to
ICU, and none had acardiac arrest call. The duration of hospital
stay ranged from 0.7 to 141.9 (median 8.9, IQR 5.6-19.8) days.
The wearable monitoring period ranged from 0.15 to 440.2
(median 35.5, IQR 9.23-97.02) hours. Once a patient was placed
on wearable monitoring, the median data avail ability was 88.5%
(IQR 71.95%-98%). A total of 11,634 intermittent EWSs were
recorded. During wearable monitoring, patients had continuous
vital sign values that exceeded the EWS escalation threshold
for 32.7% (2133/6528) of the total hours. The maximum
intermittent EWS recorded was 17. The maximum
continuous/partial EWS recorded was 9. The median maximum
continuous/partial EWS for the duration of waves 1 and 2 was
3 (IQR 2-4) and 2 (IQR 1-4), respectively. Additional graphs

}

Did not survive (n=38)

- DiedinlICU (n=5)

- Died instudy wards (n=22)

- Diedinother wards (n=10)

- Died after the ICU in other ward (n=1)

showing the patterns of vital signs based on patient outcome
and pandemic wave can be found in Multimedia Appendix 2.

TTNO Results

For all data, the medianincreasein TTNO for monitored periods
was 39 minutes (95% Cl 29-49; P<.001; Table 1) longer than
unmonitored periods. Figure 3 compares the distribution of
TTNO values for these 2 periods, with the median values
reportedin Table 1 for the EWSs of all patients. Figure 3 shows
that the 120-minute peak in TTNO for unmonitored periods
was not present in monitored periods.

For stable periods (EWS of 0-2), theincreasein median TTNO
during monitored periods was 51 minutes (95% Cl 39-62;
P<.001) compared with unmonitored periods (Table 2). For
unstable periods (EWS of =3), the increase in median TTNO
during monitored periodswas 16 minutes (95% Cl 8-24; P<.001,;
Table 2).

Table 1. Comparison of median times to next observation (TTNOs) with and without wearable monitoring for all the early warning scores (0-17) of

all patients.
TTNO?(min), median (IQR; 95%Cl)  Difference (monitored — unmonitored; min; 95% CI) P value
EWSof 0-17 +39 (29-49) <.001
Without wearables (n=8866 159 (101-275; 155-163)
TTNOS)

With wearables (n=1963 TTNOs) 198 (109-326. 190-208)

8Reported sample sizes exclude TTNO values of less than 10 minutes or of 900 minutes or more, as described in the Methods section.
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Figure 3. Normalized histogram of time to next observation (TTNO) values for al patients with and without wearable monitoring.
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Table 2. Comparison of median time to next observation (TTNO) with and without wearable monitoring for stable periods (early warning score [EWS]

of 0-2) and unstable periods (EWS of =3).

TTNOa(mi n), median (IQR; 95% CI) Difference (monitored — unmonitored; min; 95% ClI) P value
EWSof 0-2 +51 (39-62) <.001
Without wearables (n=6043 187 (116-310; 182-192)
TTNOs)
With wearables (n=1240 TTNOs) 238 (146-386; 228-248)
EWSof 23 +16 (8-24) <.001

Without wearables (n=2823)
With wearables (n=723)

123 (74-193; 120-126)
139 (76-239; 131-146)

8Reported sample sizes exclude TTNO values of less than 10 minutes or of 900 minutes or more, as described in the Methods section.

Mixed Effects M odel

The mixed effects model resultsfor all patients (Table 3) show
that both the use of wearable monitoring and unstable EWS
periodswere statistically significant (P<.001 for both terms) in
association with TTNO. When adjusting for EWS category and
participant-level clustering, the effect was attenuated but
remained significant (14.6 minutes, P<.001). Re-estimating the

model with EW Streated asa continuous variable showed similar
results (P<.001 for both terms). Sensitivity analyses using
gammaand log-normal mixed models showed consistent results
in terms of direction and statistical significance. There was no
evidence of interaction between clinical stability and monitoring
period (P=.35), indicating that the effect of wearable monitoring
on TTNO did not differ significantly between stable and unstable
observations.

Table 3. Impact of early warning score (EWS) and monitoring period on the time to next observation for all EWSs (current observations)a.

Fixed-effect coefficient (SE) t test P vaue
Intercept 239.043 (1.822) 131.234 <.001
Unstable EWS (=3) -83.129 (2.995) -27.757 <.001
Wearable monitoring period 14.634 (3.648) 4.011 <.001

ACoefficients represent fixed effects from the GAMLSS model. t values are calculated as the ratio of the coefficient to its SE, and P values are based

on asymptotic inference. Residua for the fitted model were 10707.9.
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Impact of Delayed Vital Signs M easurements
Figure 4 compares normalized score differencesin EWSinthe

Vollam et a

fourth quartile of TTNO for periods A (unmonitored periods:
275-898 minutes) and B (monitored periods: 326-830 minutes),
demonstrating little difference between them (P=.92).

Figure 4. Normalized histogram of early warning score (EWS) differences between the current and previous set of observations for times to next

observation within the fourth quartile.
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Discussion

Principal Findings

Overview

In this retrospective data analysis study of a large dataset of
11,634 vital signs measurements, we mapped the trajectory of
vital signs during SARS-CoV-2 infection. We found that this
cohort was acutely unwell, with almost athird of the continuous
monitoring duration at or abovethethreshold for escalation and
avery high peak of nurse-recorded EWSsat 17. Thisisreflected
in the outcomes for this patient group, with 26.4% (38/144) of
patients dying in hospital and 21.5% (31/144) admitted to
intensive care.

TTNO Measurement

Our post hoc analysis suggeststhat the availability of continuous
patient monitoring data using clinical-grade wearables enabled
a change in nurse behavior. Nursing staff increased the time
they took before they returned to a patient to make the next set
of observations by 39 minutes (P<.001) in unadjusted analysis.
The effect was attenuated but remained significant (14.6
minutes; P<.001) when adjusted for EWS category and
participant-level clustering. Thiswould indicate that the nurses
trusted the vital sign data acquired by the wearable system,
which enabled them to monitor patients remotely using thelive
data and 5-minute median summaries of heart rate, respiratory
rate, and SpO, shown on the desktop screen at the central nurses
station. Figure 3 suggeststhat nursesreturned to observe patients
for whom they had a concern within 120 minutes during
unmonitored periods but did not do so during monitored periods,

https://medinform.jmir.org/2026/1/e81304
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suggesting that wearable monitoring may have provided
reassurance that the patients' condition was unchanged. This
reduced entries to the isolation rooms, minimizing risks of
exposure to the virus and saving nurse time in donning and
doffing PPE.

I mpact on Patient Safety

Although our data show that the TTNO after an EWS of 3 or
more was mostly longer than the protocolized 60 minutes
(median of 123 and 139 minutes without and with wearables,
respectively), thisdelay in hourly observation measurementsis
recognized as a common feature in both pandemic and
nonpandemic conditions [22,23], with compliance as low as
30% [24]. Multiple barriers have been identified that contribute
to these delays, which are likely to have been worsened in the
context of the pandemic [25].

Therewasno differencein the EWS distributions (P=.92; Figure
4) for the times with wearable monitoring and those without it
evaluated on the fourth quartile of TTNO distribution as this
represents the longest intervals between consecutive
observations. Figure 3 shows that, proportionally, there were
many moreinstances of increased TTNOsduring the monitored
periods (WMS in use) with respect to the unmonitored periods
(no WMYS). Figure 4 provides some reassurance that this
difference was not associated with increased physiological
instability (increase in EWS with respect to the previous
observation). However, thisfinding should be considered inthe
context of our exploratory observational study design. Thiswas
also identified in our parallel qualitative study of staff use of
the system [26]. Interviews with multi-professional staff
demonstrated that the WM S afforded reassurance that the patient
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was stable between vital sign observations, allowing nurses to
manage their workload as they felt appropriate. Although this
perceived prioritization was reflected in the exploratory TTNO
analyses, with larger TTNOs during stable periods than during
unstable periods (+51 vs +16 minutes; P<.001 for both; Table
2), adjusted analyses did not demonstrate asignificant difference
between stable and unstable periods.

Similar to other work [27], we have shown that episodes of
moderate and severevital sign deviationsin hospitalized patients
with COVID-19 are common. Without continuous monitoring,
detection of deterioration may be delayed until the next set of
nurse observations as no additional vital sign dataare available.
Continuous SpO, monitoring can be considered an easily
applicable tool for the early recognition of patients with the
potential for acute respiratory deterioration. The wearable data
values and associated EWSs were updated every 2 seconds on
the desktop screen (for multiple patients in paralel in the
real-time dashboard view), and their trends, updated every 5
minutes using the vital sign medians, were stored and could be
reviewed at any time (patient chart view). The lack of visual
and audible alerts, apart from the EWStraffic light color scheme
for its display on the desktop screens, did not allow usto know
whether the nurses were observing the screen when deterioration
setin.

Our finding that, during monitored periods, TTNO could be
extended suggests that wearables may help nurseswith clinical
time management. Any changes resulting from the
implementation of a WM S would also need to be reflected in
the approach to vital signs measurements in standard care, for
example, in the frequency of observations for stable patients.

Several barriers to the successful in-hospital deployment of
clinical-grade wearable technologies on a larger scale are still
to be overcome, including cost, reliability, efficiency, and the
use of data processing systems|[3,5,28]. In future work, the use
of the National Early Warning Score 2 scoring system, adopted
nationwide in the United Kingdom from April 2021, after the
data reported in this paper were acquired, would provide more
generalizable results, with a broader understanding and easier
applicability.

Strengths and Limitations

The prospective registration and the use of a rigorously
developed unique WMS are strengths of this study. However,
there are limitations that should be considered. Although we
report a novel analysis that has the potential to advance our
understanding of the impact of WM Ss on nurse behavior, this
analysiswas post hoc and not included in our study registration.

The WMS was deployed under considerable pressure in the
context of the COVID-19 pandemic and into adynamic clinical
setting including 3 different wards, which incurred several
limitations. First, nurse behaviors during this time may have
varied depending on the ward setting or evolved during the
course of the pandemic and may not be comparableto conditions
since the pandemic given the very high workload and stress at
that time. Second, due to limited availability of equipment,
nursing staff chose which patients to monitor using the system,
which may have introduced selection bias as they were more

https://medinform.jmir.org/2026/1/e81304

Vollam et a

likely to monitor those assessed at highest risk of deterioration.
In addition, nurses may have taken fewer intermittent vital sign
observations as patients recovered and neared discharge.
However, discharge from hospital was accelerated during the
pandemic due to resource pressures, which may have offered
some mitigation against this potential confounder of the TTNO
analyses. Third, the comparison between different timewindows
for the same patients could have been influenced by clinical
staff who knew the patients by the time they were on the WMS.
Thus, the observed pattern of monitoring might be more (or
less) spaced given this potential bias and reflect the impact of
competing clinical priorities. Fourth, the criteria for hospital
admission and discharge evolved across the 2 pandemic waves,
resulting in variability between patient clinical acuity at hospital
admission and discharge, potentially confounding the TTNO
analyses. Given the nature of this study, it was not possible to
compare acompletely nonmonitored cohort, which would have
mitigated these first 4 limitations. Future research under
nonpandemic conditions should consider using a separate
unmonitored control group and setting specific eligibility criteria
for commencing and ceasing monitoring to facilitate consistency
of use. Fifth, although vital sign values from nurse-measured
and wearable sources were compared, these 2 methods of
measurement do incur differences, such as accuracy of devices
and mode of measurement, which should be considered in the
context of thisanalysis. In particular, nurse-measured respiratory
rates may differ significantly from those measured using the
WMS due to monitoring behaviors such as “digit preference”
(where respiratory rate distribution shows peaks at 20 and 24
breaths per second). This suggests either estimation of
respiratory rate based on observation or measuring over ashorter
period of 15 seconds and multiplying by 4 [29,30]. Future
research should consider protocolizing nurse-measured vital
signs to ensure accuracy and avoid these behaviors.

Weidentified onelimitation related to the WM, which included
a pulse oximeter device known to consistently underestimate
oxygen saturation by up to 2%. However, the device was
selected as the most reliable and accurate of those tested for the
system [9], and notification of this underestimation wasincluded
in staff training and deemed by the nurses to be manageable
and preferable to overestimation [26]. This may have resulted
in nurses unnecessarily returning to patientsto check their vital
signs but did not provide false reassurance or risk masking
hypoxia. Future studies should consider the impact of the
comparative accuracy of deviceson nurse monitoring behaviors.

There are some limitations to the data available. First, we
planned to include additional adverse outcomes, including
escalation to high-frequency nasal oxygen and noninvasive
ventilation, in our analysis. However, these data were not
available in the extracted dataset as patients undergoing these
interventions were moved to a separate high-dependency ward.
Future studies should ensure that data on these additional
outcomes are available. Second, 5.7% (9/157) of the initial
patients were not included in the analysis asthey had registered
for the NHS digital data opt-out service. Although thisomission
may pose arisk of selection bias, given the small number, this
is unlikely to have impacted the results. Future research using
electronic patient data will need to consider how missing data
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due to the opt-out service are handled if the proportion of
patients choosing to opt out increases over time.

From a modeling perspective, TTNO was right skewed.
Although we used alinear mixed effects model to preserve the
interpretability of effect estimates as absolute differences in
minutes, sensitivity analyses using alternative distributional
assumptions (gamma and log-normal models) provided
consistent results. However, departures from normality may
have affected estimate precision.

Finaly, our data were from a single hospital with a high
percentage of ICU admissions (31/144, 21.5%). We
acknowledge that these factors limit the generalizability of our
findings. Future research should focus on exploring the impact
of WMSs on nurse behaviors in nonpandemic conditions and
comparing robust and distinct patient groups. Future
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consideration should also be given to the cost-benefit of the
system given the impact on nurse behaviors and patient safety.

Conclusions

In this retrospective data study, patients were at high risk of
deterioration, spending athird of the monitored time at or above
the escalation threshold. Our post hoc analysis showed that, by
offering additional vital sign data between intermittent EWS
measurements, the WM S may haveimproved task prioritization
by allowing the nursing staff to extend the time between routine
MVSMs. We found no indication in our analysis that this
increase in time between vital signs measurements adversely
affected patient safety. The increase in time between
observations was not associated with a difference in EWS
distributions, providing some reassurance that this difference
was not associated with increased physiological instability.

Acknowledgments

The authors would like to acknowledge the research team who supported this study, including Carlos Areia, Chris Biggs, Holly
Edmundson, and Annika Jarman. They also gratefully acknowledge the patients who participated in this study and the clinical
staff who willingly and rapidly adopted the system into their practice under extremely difficult circumstances.

Funding

This research was funded by the National Institute for Health and Care Research Oxford Biomedical Research Centre (BRC).
The views expressed are those of the authors and not necessarily those of the National Health Service, the Nationa Institute for
Health and Care Research (NIHR), or the Department of Health and Social Care.

Data Availability

The datasets generated or analyzed during this study are available from the corresponding author on reasonable request.

Authors Contributions

Conceptualization: SV, CR, MS, MP, LT, PW

Data curation: CR

Formal analysis: CR

Funding acquisition: LT, PW

Investigation: SV, CR, MS

Methodology: SV, CR, MS, OR, LT
Writing—original draft: SV, CR

Writing—review and editing: MS, MP, OR, LT, PW

Conflictsof Interest

PW has provided consultancy for Arcturis Data and holds shares in the company. The other authors have no conflicts of interest

to declare.

Multimedia Appendix 1

Cohort age distribution and levels of agreement between wearable monitoring system devices and the nurse intermittent manual

vital sign measurements.
[DOCX File, 5697 KB-Multimedia Appendix 1]

Multimedia Appendix 2

Graphs presenting physiological patterns of vital signs.
[DOCX File, 8403 KB-Multimedia Appendix 2]

References

https://medinform.jmir.org/2026/1/e81304

JMIR Med Inform 2026 | vol. 14 | e81304 | p. 9
(page number not for citation purposes)


https://jmir.org/api/download?alt_name=medinform_v14i1e81304_app1.docx&filename=f0f21543c08cacc6242513b2fad797b8.docx
https://jmir.org/api/download?alt_name=medinform_v14i1e81304_app1.docx&filename=f0f21543c08cacc6242513b2fad797b8.docx
https://jmir.org/api/download?alt_name=medinform_v14i1e81304_app2.docx&filename=7d8019e13df549899cb431addbf2c48e.docx
https://jmir.org/api/download?alt_name=medinform_v14i1e81304_app2.docx&filename=7d8019e13df549899cb431addbf2c48e.docx
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS Vollam et &

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

GuptaRK, Harrison EM, Ho A, Docherty AB, Knight SR, van Smeden M, et al. Development and validation of the ISARIC
4C Deterioration model for adults hospitalised with COVID-19: a prospective cohort study. Lancet Respir Med. Apr
2021;9(4):349-359. [FREE Full text] [doi: 10.1016/S2213-2600(20)30559-2] [Medline: 33444539]

Andalib E, Faghani M, Zia Ziabari SM, Shenagari M, SalehiniyaH, Keivanlou MH, et a. The effectiveness of the anteroom
(vestibule) area on hospital infection control and health staff safety: a systematic review. Front Public Health. Apr 26,
2022;10:828845. [FREE Full text] [doi: 10.3389/fpubh.2022.828845] [Medline: 35558527]

AreiaC, BiggsC, SantosM, Thurley N, Gerry S, Tarassenko L, et al. Theimpact of wearable continuousvital sign monitoring
on deterioration detection and clinical outcomesin hospitalised patients: a systematic review and meta-analysis. Crit Care.
Sep 28, 2021;25(1):351. [FREE Full text] [doi: 10.1186/s13054-021-03766-4] [Medline: 34583742]

Joshi M, Ashrafian H, Aufegger L, Khan S, Arora S, Cooke G, et a. Wearable sensors to improve detection of patient
deterioration. Expert Rev Med Devices. Feb 2019;16(2):145-154. [FREE Full text] [doi: 10.1080/17434440.2019.1563480]
[Medline: 30580650]

Khanna AK, Flick M, Saugel B. Continuous vital sign monitoring of patients recovering from surgery on general wards:
anarrative review. Br J Anaesth. Feb 2025;134(2):501-509. [FREE Full text] [doi: 10.1016/j.bja.2024.10.045] [Medline:
39779421]

Pimentel MA, Redfern OC, Hatch R, Young JD, Tarassenko L, Watkinson PJ. Trajectories of vital signsin patients with
COVID-19. Resuscitation. Nov 2020;156:99-106. [FREE Full text] [doi: 10.1016/j.resuscitation.2020.09.002] [Medline:
32918984]

Mitratza M, Goodale BM, Shagadatova A, Kovacevic V, van de Wijgert J, Brakenhoff TB, et al. The performance of
wearable sensors in the detection of SARS-CoV-2 infection: a systematic review. Lancet Digit Health. May
2022;4(5):e370-e383. [FREE Full text] [doi: 10.1016/S2589-7500(22)00019-X] [Medline: 35461692]

AreiaC, Young L, Vollam S, Ede J, Santos M, Tarassenko L, et al. Wearability testing of ambulatory vital sign monitoring
devices: prospective observational cohort study. IMIR Mhealth Uhealth. Dec 16, 2020;8(12):€20214. [FREE Full text]
[doi: 10.2196/20214] [Medline: 33325827]

Santos M, Vollam S, Pimentel M, Areia C, Young L, Roman C, et a. The use of wearable pulse oximeters in the prompt
detection of hypoxemia and during movement: diagnostic accuracy study. JMed Internet Res. Feb 15, 2022;24(2):e28890.
[FREE Full text] [doi: 10.2196/28890] [Medline: 35166690]

Morgado Areia C, Santos M, Vollam S, Pimentel M, Young L, Roman C, et a. A chest patch for continuous vital sign
monitoring: clinical validation study during movement and controlled hypoxia. JMed Internet Res. Sep 15,
2021;23(9):e27547. [FREE Full text] [doi: 10.2196/27547] [Medline: 34524087]

Downey CL, Brown JM, Jayne DG, Randell R. Patient attitudes towards remote continuous vital signs monitoring on
general surgery wards: an interview study. Int JMed Inform. Jun 2018;114:52-56. [doi: 10.1016/j.ijmedinf.2018.03.014]
[Medline: 29673603]

Koaij L, Peters GM, Doggen CJ, van Harten WH. Remote continuous monitoring with wireless wearable sensorsin clinical
practice, nurses perspectives on factors affecting implementation: a qualitative study. BMC Nurs. Mar 07, 2022;21(1):53.
[FREE Full text] [doi: 10.1186/s12912-022-00832-2] [Medline: 35255894]

van Noort HH, Becking-Verhaar FL, Bahiman-van Ooijen W, Pel M, van Goor H, Huisman-de Waal G. Three years of
continuous vital signs monitoring on the general surgical ward: isit sustainable? A qualitative study. J Clin Med. Jan 13,
2024;13(2):439. [FREE Full text] [doi: 10.3390/jcm13020439] [Medline: 38256573]

Oracle UK. URL: https://www.oracle.com/uk/ [accessed 2026-06-11]

Watkinson PJ, Pimentel MA, Clifton DA, Tarassenko L. Manual centile-based early warning scores derived from statistical
distributions of observationa vital-sign data. Resuscitation. Aug 2018;129:55-60. [FREE Full text] [doi:
10.1016/j.resuscitation.2018.06.003] [Medline: 29879432]

Tarassenko L, Clifton DA, Pinsky MR, Hravnak M T, Woods JR, Watkinson PJ. Centile-based early warning scores derived
from statistical distributions of vital signs. Resuscitation. Aug 2011;82(8):1013-1018. [doi:
10.1016/j.resuscitation.2011.03.006] [Medline: 21482011]

Wong D, Bonnici T, Knight J, Morgan L, Coombes P, Watkinson P. SEND: a system for electronic notification and
documentation of vital sign observations. BMC Med Inform Decis Mak. Aug 13, 2015;15:68. [FREE Full text] [doi:
10.1186/s12911-015-0186-y] [Medline: 26268349]

Santos MD, Roman C, Pimentel MA, Vollam S, AreiaC, Young L, et a. A real-time wearable system for monitoring vital
signs of COVID-19 patients in a hospital setting. Front Digit Health. Sep 7, 2021;3:630273. [FREE Full text] [doi:
10.3389/fdgth.2021.630273] [Medline: 34713102]

Waskom ML. seaborn: statistical data visualization. J Open Source Softw. Apr 06, 2021;6(60):3021. [doi:
10.21105/JOSS.03021]

Stasinopoulos DM, Rigby RA. Generalized additive models for location scale and shape (GAMLSS) in R. J Stat Softw.
2007;23(7). [doi: 10.18637/jss.v023.i07]

Coronavirus (COVID-19) Infection Survey technical article: waves and lags of COVID-19 in England, June 2021. Office
for National Statistics. 2021. URL: https://tinyurl.com/5cnxvm9x [accessed 2025-05-27]

https://medinform.jmir.org/2026/1/e81304 JMIR Med Inform 2026 | vol. 14 | e81304 | p. 10

(page number not for citation purposes)


https://linkinghub.elsevier.com/retrieve/pii/S2213-2600(20)30559-2
http://dx.doi.org/10.1016/S2213-2600(20)30559-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33444539&dopt=Abstract
https://europepmc.org/abstract/MED/35558527
http://dx.doi.org/10.3389/fpubh.2022.828845
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35558527&dopt=Abstract
https://ccforum.biomedcentral.com/articles/10.1186/s13054-021-03766-4
http://dx.doi.org/10.1186/s13054-021-03766-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34583742&dopt=Abstract
http://hdl.handle.net/10044/1/65464
http://dx.doi.org/10.1080/17434440.2019.1563480
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30580650&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0007-0912(24)00709-8
http://dx.doi.org/10.1016/j.bja.2024.10.045
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=39779421&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0300-9572(20)30440-8
http://dx.doi.org/10.1016/j.resuscitation.2020.09.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32918984&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S2589-7500(22)00019-X
http://dx.doi.org/10.1016/S2589-7500(22)00019-X
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35461692&dopt=Abstract
https://mhealth.jmir.org/2020/12/e20214/
http://dx.doi.org/10.2196/20214
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33325827&dopt=Abstract
https://pubmed.ncbi.nlm.nih.gov/35166690/
http://dx.doi.org/10.2196/28890
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35166690&dopt=Abstract
https://www.jmir.org/2021/9/e27547/
http://dx.doi.org/10.2196/27547
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34524087&dopt=Abstract
http://dx.doi.org/10.1016/j.ijmedinf.2018.03.014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29673603&dopt=Abstract
https://bmcnurs.biomedcentral.com/articles/10.1186/s12912-022-00832-2
http://dx.doi.org/10.1186/s12912-022-00832-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35255894&dopt=Abstract
https://www.mdpi.com/resolver?pii=jcm13020439
http://dx.doi.org/10.3390/jcm13020439
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38256573&dopt=Abstract
https://www.oracle.com/uk/
https://linkinghub.elsevier.com/retrieve/pii/S0300-9572(18)30264-8
http://dx.doi.org/10.1016/j.resuscitation.2018.06.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29879432&dopt=Abstract
http://dx.doi.org/10.1016/j.resuscitation.2011.03.006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21482011&dopt=Abstract
https://bmcmedinformdecismak.biomedcentral.com/articles/10.1186/s12911-015-0186-y
http://dx.doi.org/10.1186/s12911-015-0186-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26268349&dopt=Abstract
https://europepmc.org/abstract/MED/34713102
http://dx.doi.org/10.3389/fdgth.2021.630273
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34713102&dopt=Abstract
http://dx.doi.org/10.21105/JOSS.03021
http://dx.doi.org/10.18637/jss.v023.i07
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/articles/coronaviruscovid19infectionsurveytechnicalarticle/wavesandlagsofcovid19inenglandjune2021
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS Vollam et &

22.

23.

24,

25.

26.

27.

28.

29.

30.

Redfern OC, Griffiths B, Maruotti A, Recio Saucedo A, Smith GB, Missed Care Study Group. The association between
nurse staffing levels and the timeliness of vital signs monitoring: aretrospective observational study in the UK. BMJ Open.
Sep 27, 2019;9(9):e032157. [FREE Full text] [doi: 10.1136/bmjopen-2019-032157] [Medline: 31562161]

Kostakis |, Smith GB, Prytherch D, Meredith P, Price C, Chauhan A. Impact of the coronavirus pandemic on the patterns
of vital signs recording and staff compliance with expected monitoring schedules on general wards. Resuscitation. Jan
2021;158:30-38. [FREE Full text] [doi: 10.1016/j.resuscitation.2020.11.014] [Medline: 33221355]

Eddahchouri Y, Koeneman M, Plokker M, Brouwer E, van de Belt TH, van Goor H, et a. Low compliance to avital sign
safety protocol on general hospital wards: a retrospective cohort study. Int JNurs Stud. Mar 2021;115:103849. [ FREE Full
text] [doi: 10.1016/j.ijnurstu.2020.103849] [Medline: 33517078]

Hope J, Dall'Ora C, Redfern O, Darbyshire JL, Griffiths P. Why vital signs observations are delayed and interrupted on
acute hospital wards: a multisite observational study. Int J Nurs Stud. Apr 2025;164:105018. [FREE Full text] [doi:
10.1016/j.ijnurstu.2025.105018] [Medline: 39946865]

BussA, AreiaC, Biggs C, Edmundson H, Young L, Roman C, et al. Using anovel ambulatory monitoring system to support
patient safety on an acute infectious disease ward during an unfolding pandemic. J Adv Nurs. Jun 2024;80(6):2452-2461.
[doi: 10.1111/jan.15977] [Medline: 38054397]

Grgnbaek KK, Rasmussen SM, Langer NH, Vincentz M, Oxbgll AB, Sggaard M, et al. Continuous monitoring is superior
to manual measurements in detecting vital sign deviationsin patients with COVID-19. Acta Anaesthesiol Scand. May
2023;67(5):640-648. [doi: 10.1111/aas.14221] [Medline: 36852515]

AreiaC, King E, Ede J, Young L, Tarassenko L, Watkinson P, et al. Experiences of current vital signs monitoring practices
and views of wearable monitoring: aqualitative study in patients and nurses. JAdv Nurs. Mar 2022;78(3):810-822. [FREE
Full text] [doi: 10.1111/jan.15055] [Medline: 34655093]

Smith D, Cartwright M, Dyson J, Hartin J, Aitken LM. Patterns of behaviour in nursing staff actioning the afferent limb
of the rapid response system (RRS): afocused ethnography. J Adv Nurs. Dec 2020;76(12):3548-3562. [doi:
10.1111/jan.14551] [Medline: 32996620]

Gonem S, Stones L, Ward D, Briggs S, McKeever T. Comparison of manual and automated respiratory rate measurements
on hospital wards: a prospective observational study. J Clin Monit Comput. Apr 2026;40(2):449-455. [EREE Full text]
[doi: 10.1007/s10877-025-01380-1] [Medline: 41240250]

Abbreviations

EPR: electronic patient record

EWS: early warning score

ICU: intensive care unit

MVSM: manual vital sign measurement
NHS: National Health Service

PPE: personal protective equipment
SpO2: peripheral oxygen saturation
TTNO: timeto next observation

WMS: wearable monitoring system

Edited by A Coristine; submitted 05.Sep.2025; peer-reviewed by R Ramezani, CA Sanches; comments to author 10.Dec.2025; revised
version received 22.May.2026; accepted 25.May.2026; published 22.Jun.2026

Please cite as.

Vollam S, Roman C, Santos M, Pimentel M, Redfern O, Tarassenko L, Watkinson P

Clinical Evaluation of a Real-Time Wearable System for Monitoring In-Hospital Ambulatory Patients With COVID-19: Retrospective
Data Sudy

JMIR Med Inform 2026; 14:e81304

URL: https://medinform.jmir.org/2026/1/e81304

doi: 10.2196/81304

PMID:

©Sarah Vollam, Cristian Roman, Mauro Santos, Marco Pimentel, Oliver Redfern, Lionel Tarassenko, Peter Watkinson. Originally
published in IMIR Medical Informatics (https://medinform.jmir.org), 22.Jun.2026. Thisisan open-access article distributed under
theterms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work, first published in IMIR Medica Informatics, is

https://medinform.jmir.org/2026/1/e81304 JMIR Med Inform 2026 | vol. 14 | e81304 | p. 11

(page number not for citation purposes)


https://bmjopen.bmj.com/lookup/pmidlookup?view=long&pmid=31562161
http://dx.doi.org/10.1136/bmjopen-2019-032157
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31562161&dopt=Abstract
https://europepmc.org/abstract/MED/33221355
http://dx.doi.org/10.1016/j.resuscitation.2020.11.014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33221355&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0020-7489(20)30340-0
https://linkinghub.elsevier.com/retrieve/pii/S0020-7489(20)30340-0
http://dx.doi.org/10.1016/j.ijnurstu.2020.103849
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33517078&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0020-7489(25)00027-6
http://dx.doi.org/10.1016/j.ijnurstu.2025.105018
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=39946865&dopt=Abstract
http://dx.doi.org/10.1111/jan.15977
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38054397&dopt=Abstract
http://dx.doi.org/10.1111/aas.14221
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36852515&dopt=Abstract
https://europepmc.org/abstract/MED/34655093
https://europepmc.org/abstract/MED/34655093
http://dx.doi.org/10.1111/jan.15055
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34655093&dopt=Abstract
http://dx.doi.org/10.1111/jan.14551
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32996620&dopt=Abstract
https://doi.org/10.1007/s10877-025-01380-1
http://dx.doi.org/10.1007/s10877-025-01380-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=41240250&dopt=Abstract
https://medinform.jmir.org/2026/1/e81304
http://dx.doi.org/10.2196/81304
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MEDICAL INFORMATICS Vollam et &

properly cited. The complete bibliographic information, alink to the original publication on https://medinform.jmir.org/, as well
asthis copyright and license information must be included.

https://medinform.jmir.org/2026/1/e81304 JMIR Med Inform 2026 | vol. 14 | e81304 | p. 12
(page number not for citation purposes)

RenderX


http://www.w3.org/Style/XSL
http://www.renderx.com/

