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Chapter 1

Hospitalised patients are at risk of complications and adverse events during their
stay. Most patients who experience adverse events, such as in-hospital cardiac
arrest, unplanned intensive care unit (ICU) admission and mortality, exhibit changes
in physiological signs for hours preceding these events,*® a situation referred to as
clinical deterioration”® Therefore, monitoring, timely recognition of clinical deterioration
and treatment is critical79%° Late detection or missed deterioration, often referred to as
failure to rescue (FTR), increases the risk of mortality, unplanned ICU admission and
prolonged hospital stay.®*

Following the Institute of Healthcare Improvement's 100,000 lives' campaign in the
United States, setting a goal of saving 100,000 lives of patients in hospitals through
safety improvements, the concept of Rapid Response Systems (RRSs) was introduced
in 2005 to improve recognition and response to clinically deteriorating patients outside
of ICUs.»1 This system comprises an ‘afferent limb’ and ' efferent limb'*? In the afferent
limb, general ward nurses use ‘track-and-trigger’ systems to identify patients at risk
of clinical deterioration and to alert the efferent limb promptly. Here, the attending
physician or rapid response team (RRT), usually consisting of an ICU or emergency
department physician and critical care nurse(s), responds to calls from the general
ward when (specialised) help is needed 35

As track-and-trigger system, Early Warning Scores (EWS) are widely used in general
wards to support nurses in detecting clinical deterioration and promote identifying
patients at risk of clinical deterioration*” The EWS is an aggregated score that includes
objective parameters, such as vital signs and level of consciousness, and a subjective
parameter, ‘nurses’ worry' The EWS should be calculated at predetermined intervals,
typically once every 8 to 12 h. Based on current E\WWS values and recent changes, nurses
can trigger responses to the afferent limb according to a local hospital protocol*#

The EWS can predict adverse patient outcomes, such as cardiopulmonary arrest,
unplanned ICU admission or unexpected death 729723 |n addition, EWS are user-friendly
and provide a common language for healthcare providers across different specialities ®
Despite the strengths of the EWS, local implementation varies and missed or late
detection of clinical deterioration still occurs, leading to FTR events 2%

Several limitations of EWS may account for this. First, E\W'S are generic tools, and
disease and population differences may influence efficacy.2°?® For example, the EWS
detects the probability of cardiac arrest more accurately in younger patients than in
elderly patients.?® Second, poor compliance with EWS protocols has been mentioned
as a limitation in several studies*#263°-3 Finally, a major limitation of the EWS is its
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intermittent nature.?® Measurements are performed manually and intermittently, and
the predefined intervals make it possible to miss the patient's deterioration between
those intermittent measurements .3 The intervals of these measurements are typically
only once every 8-h shift or even longer, which can result in missing the early signs of
deterioration and FTR events, especially at night3335

Although increasing the frequency of patient observation and vital sign measurements
by nurses seems a logical step to improve safety, several challenges facing healthcare
today make this infeasible. The main reason is the ongoing growing nursing shortage,
estimated to reach a demand of 12.9 million nurses in 2035 globally3*% This shortage
is caused by multiple factors, such as the retirement of current nurses, the decrease
in the number of new nurses, and the failure of retaining existing nurses, which results
in a disproportionate number of existing and new nurses to the number of nurses
needed to meet patient needs.¥* This is all the more important given the ever-
growing demand for care due to the increasing population of elderly who are also
live longer, the so called ‘double ageing'#®

In 2017, around 962 million people worldwide were 60 or over, which is 13% of the total
population, but this will continue to grow to nearly 25% in 205047 In the Netherlands, in
2040, more than a quarter of the Dutch population will comprise people 65 years or over,
and the oldest group is increasing.“¢ Due to the ageing population, chronic illness and
multimorbidity will rise, and most of these older people will require care sooner or later.
Thus, healthcare costs will rise as care consumption increases.“® Already in 2016, almost
half of the healthcare costs were attributed to caring for older people in the Netherlands. 4

One possible solution to improve safety in hospital wards in the face of increasing
nursing shortages is the implementation of promising, innovative technological
solutions to enhance the timely detection of clinical deterioration.445° \X/earable
continuous monitoring of vital signs (CVSM) could contribute to earlier recognition
of the deteriorating patient, especially in 'low-care’ environments, such as the
general ward, and perhaps even after (early) discharge home 5% Such systems may
facilitate automated notification of clinical deterioration, trigger early therapeutic
interventions and reduce the need for patient rescue events or unplanned ICU
transfers 567 In addition, better insight into patients' vital sign trends instead of spot-
check measurements may allow the detection of abnormalities at an early stage.®®-
50 However, ICU-grade monitors for patients at the general ward and home hinder
mobilisation, resulting in potentially more functional decline. Thus, they are infeasible
for patients in the general ward. Therefore, wireless and wearable devices intended for
CVSM are more suitable and increasingly available.54¢° These devices can accurately
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record vital signs, such as the heart rate, respiratory rate and temperature and can
detect clinical deterioration.

Provided that CVSM is well integrated into the nurses' clinical workflow, at least in
theory, it might result in a better quality of care. Although the technical validity of the
current technologies seems acceptable, successful full-scale implementation and
rigorous evaluation of these devices in clinical practice are still lacking.®° Initial studies
with CVSM have demonstrated variable results, and it has proved challenging to
implement them in nursing practice properly. The main reasons for poor implementation
are incomplete integration into clinical workflows, lack of integration with hospital
electronic health records (EHRs) and the low acceptability by nurses.?* Nurses play a
crucial role in the interpretation of vital signs, detection of abnormalities and adequate
follow-up; thus, any benefits of the technology for patients are critically dependent
on the acceptability by nurses and tight integration into the nursing workflow.*6 How
wearable CVSM using can best be integrated into existing workflows and hospital IT
systems is currently unknown. The main hypothesis underlying the research questions
in this thesis is that wearable CVSM for early detection of clinical deterioration could
enhance the quality of care and patient safety by improving patient outcomes and
satisfaction, supports nursing work and reducing healthcare costs.

WEARABLE CONTINUOUS VITAL SIGN MONITORING
AS A COMPLEX INTERVENTION

CVSM by wearable, wireless devices in general wards can be defined as a complex
intervention because it is multifaceted, with many interacting components within the
intervention, the difficulty of behaviours required by those delivering or receiving the
intervention, and the number and variability of the outcomes.®3%4 Two key questions
can be asked when evaluating a complex intervention: ‘Is it effective in everyday
practice?’ and "What are the active components, and how are they exerting their
effect?'% Therefore, the development and evaluation process of complex interventions
includes the following four phases that do not necessarily follow a linear sequence:
development, feasibility, evaluation and implementation (Figure 1).

In the development phase, a theoretical understanding of the likely change process is
developed by drawing on existing evidence and theory. Existing evidence is identified
regarding what is already known about similar interventions, including the methods
used to evaluate them. Moreover, modelling processes and outcomes can provide
vital information about the design for the intervention and evaluation.

12
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In the feasibility phase, the key uncertainties identified during the intervention
development are examined, and the processes and clinical outcomes related to the
evaluation design are assessed. This approach is important because evaluations are
often undermined by problems of acceptability, compliance, intervention delivery,
recruitment and retention, and smaller-than-expected effect sizes that could have
been predicted by thorough piloting.®®

The evaluation phase exceeds an exclusive focus on obtaining unbiased estimates of
the effectiveness on clinical outcomes® to a broader range of answerable research
questions about what other impact it has, theorising how it works, considering how
it interacts with the context in which it is implemented, how it contributes to system
change, and how the evidence can support decision-making in the real world.®®
Therefore, expanding standard designs of randomised controlled trials is crucial to
improve the adequate evaluation of complex intervention research. Adaptive designs
include sequential multiple-assignment randomised trials, n-of-1 trials, and hybrid
effectiveness-implementation designs.®®72 Thus, a purely quantitative approach using
an experimental design without additional elements, such as process evaluation, is
rarely appropriate for complex intervention research, where qualitative and mixed
methods may be needed to answer questions beyond those on effectiveness.®

In the implementation phase, questions about implementation-specific outcomes (e.g.
the reach or uptake of the intervention), the implementation strategy and contextual
factors that support or hinder the implementation are critical. These questions can
be asked throughout the phases of intervention development, feasibility testing and
process and outcome evaluation.

Figure 1: The Medical Research Council Framework for developing and evaluating complex interventions®

Feasibility

Develop intervention
Either developing a new intervention, or
adapting an existing intervention for a new
contex d on research evidence and

theory of the problem Evaluation

Identify interventi

Implementation
pact and
alth
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AIM AND OUTLINE OF THIS THESIS

The general aim of this thesis is to gain a better understanding of the following:

1. core elements of CVSM;

2. critical aspects of the implementation process; and

3. potential beneficial effects of CVSM on patient care in general wards in the prelude
to further development and future implementations

Therefore, the research objectives of this thesis are as follows:

develop a CVSM system (consisting of CVSM technology and corresponding work
processes) for the general ward;

determine the feasibility of this CVSM system in general wards;

gain insight into the perspectives of healthcare professionals about CVSM systems
in general wards;

develop and evaluate a scaled implementation process for CVSM systems in
general wards; and

assess the potential impact of a CVSM system on patient care.

For all of the above, we have focused specifically on the nurses' perspective and role,
as they are the primary healthcare professionals at the bedside observing clinical
deterioration.

This thesis is divided into chapters to achieve these objectives. Chapter 2 provides
an overview of the current evidence for CVSM using wearable sensors in a hospital
using a systematic literature review. In total, 27 studies were included, and the
evaluated outcomes were validation, feasibility, clinical outcomes and costs. Chapter
3 presents a qualitative study to explore nurses' and surgeons’ expectations of the
potential effectiveness and impact of wearable CVSM in patients admitted to the
general ward after an esophagectomy. In total, 12 semi-structured interviews were
conducted at three oesophageal cancer centres in the Netherlands. Chapter 4 details
an observational cohort study to determine feasibility regarding the acceptability and
fidelity of a CVSM system in a general surgical ward over a three-month period. System
fidelity was measured by analysing the monitoring data. Acceptability by patients and
nurses was assessed using questionnaires. Chapter 5 explores nurses' experiences
with the CVSM system during the feasibility study using 12 semi-structured interviews
to provide insight into the capability, opportunity and motivation of nurses. In Chapter
6, insights were integrated and evaluated in an explanatory sequential mixed-method
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study of a general surgical ward to determine the feasibility of a CVSM system without
using alarms, exclusively relying on interval trend monitoring for three months. Chapter
7 describes the results of a mixed-method study to 1) systematically evaluate the
process of implementation of CVSM system in an internal medicine and surgical
nursing ward and 2) determine any differences between wards. Chapter 8 presents the
results of a before-after study to explore 1) the effect of a CVSM system in the general
ward on the length of the hospital stay in major abdominal surgery patients and 2) the
effects of a CVSM system on a broad range of patient outcomes and within subgroups
for colorectal and hepatobiliary surgery. Last, Chapter 9 provides a general discussion
and reflection on the key findings, methodology, future directions and implications for
clinical practice for CVSM systems in the general ward.
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Evidence for wearable continuous vital signs monitoring

ABSTRACT

Background

Continuous monitoring of vital signs by using wearable wireless devices may allow
for timely detection of clinical deterioration in patients in general wards in comparison
to detection by standard intermittent vital signs measurements. A large number of
studies on many different wearable devices have been reported in recent years, but
a systematic review is not yet available to date.

Objective

The aim of this study was to provide a systematic review for health care professionals
regarding the current evidence about the validation, feasibility, clinical outcomes, and
costs of wearable wireless devices for continuous monitoring of vital signs.

Methods

A systematic and comprehensive search was performed using PubMed/MEDLINE,
EMBASE, and Cochrane Central Register of Controlled Trials from January 2009 to
September 2019 for studies that evaluated wearable wireless devices for continuous
monitoring of vital signs in adults. Outcomes were structured by validation, feasibility,
clinical outcomes, and costs. Risk of bias was determined by using the Mixed Methods
Appraisal Tool, quality assessment of diagnostic accuracy studies 2nd edition, or
quality of health economic studies tool.

Results

In this review, 27 studies evaluating 13 different wearable wireless devices were
included. These studies predominantly evaluated the validation or the feasibility
outcomes of these devices. Only a few studies reported the clinical outcomes with
these devices and they did not report a significantly better clinical outcome than the
standard tools used for measuring vital signs. Cost outcomes were not reported in any
study. The quality of the included studies was predominantly rated as low or moderate.

Conclusions

Wearable wireless continuous monitoring devices are mostly still in the clinical
validation and feasibility testing phases. To date, there are no high quality large well-
controlled studies of wearable wireless devices available that show a significant
clinical benefit or cost-effectiveness. Such studies are needed to help health care
professionals and administrators in their decision making regarding implementation
of these devices on a large scale in clinical practice or in-home monitoring.
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INTRODUCTION

Continuous monitoring of vital signs of inpatients is a common practice in intensive care,
medium care, operation theatre, and recovery ward settings.! The goal of continuous
vital signs monitoring in these settings is early detection of the clinical deterioration,
thereby allowing timely intervention.?3 However, once patients are discharged to the
general ward, vital signs are only monitored intermittently, often just once or twice
daily. Early warning scores have been implemented to guide clinical interpretation,
but this value is limited by the intermittent nature of the measurements.“® Serious
unexpected adverse events do occur regularly in general wards, especially in high-risk
postsurgical or elderly frail patients’* This incidence of adverse events is expected
to increase owing to the aging population, increasing complexity of in-hospital care,
increasing pressure to limit health care costs, and increasing shortage of nursing staff.
These adverse events may be prevented or mitigated if continuous monitoring of vital
signs would be available to facilitate early detection of the deteriorating trends in vital
signs, thereby allowing timely interventions.*#*® An important advantage of continuous
monitoring may be the insight in the trends, which can be much more informative and
predictive than single deviating values.7*

Recent studies have shown that continuous monitoring in combination with automated
alerts in case of deterioration improves patient outcomes 72923 However, for continuous
monitoring to be applicable in general wards, it should not lead to decreased mobility
of the patient. Therefore, continuous monitoring devices should preferably be portable,
wireless, and wearable on an easily accessible body part.*®24 Such wearable devices
also have the potential to be used for continuous monitoring of the vital signs of the
patients at home or in rehabilitation centers, thereby possibly leading to reduced
length of hospital stay and preventing unplanned readmissions.?

The technology of wearable wireless sensors for vital signs monitoring is advancing
rapidly.2® Many manufacturers are now developing wearable sensors with different
capabilities and different underlying technical specifications and algorithms.?” The
reliability and the accuracy of these devices have often only been demonstrated
in healthy volunteers instead of in patients with deviating values® In addition, the
scientific evidence regarding the feasibility, effectiveness, and costs of these wearable
sensors in clinical practice is still very limited.*”?82¢ Previous reviews on continuous
monitoring of vital signs did not focus on wearable wireless devices but rather on
conventional nonambulant monitoring.** The aim of this study was to systematically
review the current evidence on wearable wireless devices for continuous vital signs
monitoring by providing a thorough overview of the currently available studies.
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METHODS

Design

We conducted a systematic review of the literature by following the guidelines as
outlined in the Cochrane Handbook for Systematic Reviews of Interventions version
6.0 and reported according the Preferred Reporting ltems for Systematic Reviews and
Meta-Analyses (PRISMA) statement 303

Eligibility Criteria

Studies were considered eligible for inclusion when they met the following criteria:
consisted of participants older than 18 years; evaluated a continuous monitoring device
that measured vital signs such as heart rate (HR), respiratory rate (RR), blood pressure
(BP), temperature, and blood oxygen saturation (SpO2)*®; used a device that measured
>2 vital signs; used a device that was wireless and wearable; and published after
2009. This timeframe was chosen to prevent the inclusion of papers on outdated
technology. Studies were excluded when the device was not wearable by the patient
and the device had no formal approval as a medical device through the Conformite
Européenne (CE) mark or Food and Drug Administration (FDA) clearance or both.
Furthermore, conference abstracts, review articles, letters, editorials, articles without
full texts, and non-English or non-Dutch articles were excluded.

The outcomes of interest were as follows: validation (eg, sensitivity, specificity, limits
of agreement [LoAl), feasibility (eg, acceptability, user experiences, system fidelity),
clinical outcomes (eg, mortality, length of stay, fail-to-rescue [FTRI, intensive care unit
[ICUl admission), and costs (eg, cost-minimization, cost-benefit, cost-effectiveness, or
cost-utility outcomes).?53235

For validation studies, the prespecified clinically relevant mean difference and LoA
were 10+10 beats per minute for HR, 3+3 breaths per minute for RR, 0.5°C+1.0°C for
temperature, 10:20 mmHg for systolic BP, and 3%:5% for SpO2. The guidelines for
the acceptable mean differences and LoA for continuous monitoring of vital signs are
unfortunately lacking.

Search Strategy

A systematic literature search of PubMed/MEDLINE, EMBASE, and the Cochrane
Central Register of Controlled Trials was performed with the last search run on
September 6, 2019. In addition, the references of the retrieved studies were manually
screened to obtain additional relevant studies. The following keywords were used:
vital signs, clinical deterioration, and wireless continuous monitoring. Keywords on

27



Chapter 2

outcomes were based on terms about validation, feasibility, clinical outcomes, and cost
outcomes. The full search strategy is available in Appendix 1. The search string was
audited by a clinical librarian and adapted for the individual databases and interfaces
as needed. The information about the specifications of the wearable devices was
obtained from the manuals and fact sheets of the manufacturers.

Study Selection

All identified references were checked for duplicates and consolidated in the
reference manager software (Mendeley 1.19.5). Titles and abstracts of references
were independently screened by 2 researchers against the inclusion and exclusion
criteria. Full-text articles of references that matched the inclusion criteria were read
independently to determine eligibility. Disagreements were resolved by discussion
between the 2 review authors; if no agreement could be reached, the third author
was consulted.

Data Collection Process

A data extraction sheet was developed based on the Cochrane Consumers and
Communication review group's data extraction template and was pilot tested using
5 randomly selected included studies and refined accordingly.®* One review author
extracted the data from the included studies and the second author checked the
extracted data. Disagreements were resolved by discussion between the 2 review
authors; if no agreement could be reached, the third author was consulted.

Data Extraction and Synthesis

The following data were extracted for each study: (1) first author, country, year of
publishing, aim, design, setting, patient population, sample size, and conflicts of
interest; (2) manufacturer and name of the device and type of vital signs measured by
the device; and (3) outcomes of the studies divided in previously defined categories:
validation, feasibility, clinical, and cost outcomes. The study outcomes were presented
for each device.

Risk of Bias of Individual Studies

For assessing the risk of bias of individual studies, 2 authors independently
appraised each study critically. Disagreements in the quality assessment between
the authors were solved by discussion until consensus was reached. Owing to the
large diversity of the included study designs, 3 different instruments were used. The
2018 version of the Mixed Methods Appraisal Tool (MMAT) was utilized for 5 study
designs: qualitative, quantitative randomized controlled, quantitative nonrandomized,
quantitative descriptive, and mixed methods.3* Each category contained 5 criteria with
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the score range from 0 to 5 of the criteria met. For mixed methods studies, scores
were calculated as the lowest score from among the 3 relevant designs (quantitative,
qualitative, and mixed methods). A score of 0 to 2 was considered as low, a score of
3 and 4 was considered as moderate, and a score of 5 was considered as high. For
diagnostic accuracy study designs, the quality assessment of diagnostic accuracy
studies 2nd edition (QUADAS-2) was utilized to assess the risk of bias3” QUADAS-2
consists of 4 domains: patient selection, index test, reference standard, and flow and
timing. All domains were assessed for the potential for risk of bias and the first 3
domains, that is, patient selection, index test, and reference standard were assessed
for concerns regarding applicability. For economic evaluation studies, the quality of
health economic studies (QHES) tool was utilized to assess the quality®* The QHES
instrument is a validated method for assessing the quality of health economic analyses.
It consists of 16 items, each with specific weight values ranging from 1to 9. Each score
is multiplied by the weight to produce a total score, with a maximum score of 100.

RESULTS

Study Selection

We identified 5403 potentially relevant studies in our literature search after duplicate
removal, of which 5 studies were accessed from the reference list of the potentially
relevant studies. Screening of titles and abstracts resulted in 198 studies, which were
read full text. Eventually, 27 studies that met the eligibility criteria were included.32-65
A PRISMA flowchart of the search is presented in Figure 1.

Study Characteristics

In this study, 13 different devices of 10 manufacturers were studied in 2717 subjects
(median 43, range 6-736). Subjects were healthy patients, trauma patients, surgical
patients, or neurological/neurosurgical patients (Table 1). The 13 devices were as
follows: ViSi Mobile, SensiumVitals, HealthPatch MD, VitalPatch, Wireless Vital Signs
Monitor (WVSM) device, MiniMedic, Zephyr BioPatch, Biosensor, IntelliVue Cableless
Measurement Solution, Wavelet Wristband, Proteus patch, Alarm Management
System, and EQ02 Lifemonitor (Table 2).

Of the 27 included studies, 15 were from the United States and the remaining were
from the United Kingdom (N-6), the Netherlands (N=2), Canada (N-1), China (N-1),
Australia (N=1), and Austria (N=1). Among these, 13 were validation studies, 6 were
cohort studies, 2 were case-control studies, 3 were mixed methods studies, 1 was a
qualitative study, and 2 were pilot randomized controlled trials. The reported outcomes
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were validation (N-=15), feasibility (N=15), and clinical outcomes (N=6; Table 3). Seventeen
studies declared that they had no conflicts of interest. In 6 studies, one or more authors
were employees of the manufacturing company of the studied device. The remaining

4 studies did not declare any possible conflicts of interest (Table 1).

Figure 1. PRISMA flowchart

Records identified through database
= searching
2 (n=6300)
g PubMed/Medline (n=4730) Additional records identified
= EMBASE (n=1316) through other sources
= CENTRAL (n=254) (n=5)
E
Records after duplicates removed
(n=5403)
&0
=
=
&
=
=]
w
Records screened - Records excluded
(n=5403) i (n=5205)
b i
E Full-text articles assessed Full-text articles excluded, with
E, for eligibility reasons
= (n=198) (n=171)
— No CE mark or FDA clearance (n=42)
v Did not evaluate a device (n=30)
) Device was not wearable (n=22)
E Studies included in Device measured less than 2 parameters
= synthesis (n=19)
= (11=27) Conference abstracts (n=19)
= Review articles (n=17)
= Device did not measure continuously (n=9)
— Device did not measure vital signs (n=5)
Protocols (n=4)
No adults = 18 vears (n=3)
Letters (n=1)

PRISMA: Preferred Reporting ltems for Systematic Reviews and Meta-Analyses; CENTRAL:
Cochrane Central Register of Controlled Trials; CE: Conformite Europeenne; FDA: Food and Drug

Administration.

Devices
ViSi Mobile

Five studies (N-=1308) have been published about the ViSi Mobile (Sotera Wireless;
Table 1)3940515960 This device is worn on the wrist, upper arm, or chest, and it measures

HR, RR, BP, SpO2, and skin temperature (Table 2).56
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Validation outcomes

This device was validated in 1 study, which reported an acceptable mean difference
but wide LoA between the device and manual nurse measurements for HR, RR, and
BP (Table 4)5° SpO2 had an acceptable mean difference and LoA.

Feasibility outcomes

Patients reported the wristband as big or heavy. Four studies reported the perceptions
of the health care professionals 39515 Nurses mentioned that this device had a short
battery life and poor connection but it reported better insight into the vital signs.5°
Both nurses and physicians felt confident about their ability to identify patients at risk
of deterioration but were concerned about the accuracy of the device395 Besides,
physicians were positive about the potential of continuous monitoring, as this device
provided reassurance to patients and supported interdisciplinary communication
between nurses and physicians.3® Another study stated that 67% of the nurses were
positive about the deployment of continuous monitoring in the ward 5* All nurses were
positive that the monitor provided valuable patient data that increased patient safety.®°
However, they had certain reservations, including the potential decrease in the bedside
nurse-patient contact, increase in inappropriate rapid response team (RRT) calls, and
possible discomfort for patients wearing the device® Two studies reported system
fidelity. The system generated 2 to 10 alarms per patient in a day*°€°, of which one
study®® reported that 92% of the nurses indicated that the number of alarms were
appropriate. One study showed that 70% of the artefacts, defined as the noncollected
parameters, were caused by connection failure and 74% lasted less than 5 minutes 5

Clinical outcomes

RRT calls, FTR, unexpected deaths, and ICU transfers were not significantly reduced
by continuous monitoring.“*5t The complication rate was higher in the intermittent
monitoring group than in the continuous monitoring group.5* One study described only
4 alert-initiated interventions in 236 patients.° The quality of these studies ranged from
low to moderate, as assessed by the MMAT tool, thereby indicating that these studies
are subject to bias (Figure 2).

Cost outcomes
None of the studies reported this type of outcome.

SensiumVitals

Five studies (N=371) have been published about the SensiumVitals (Sensium Healthcare;
Table 1).5667%4 This is a patch device attached to the chest for continuous monitoring of
the HR, RR, and axillary temperature (Table 2).¢7
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Validation outcomes

This device was validated in 3 studies. Two studies included surgical patients®%4 and
1 included healthy volunteers.®* The results were conflicting. The mean difference
between the device and reference standard was acceptable for HR and RR (Table
4). For HR, LoA was acceptable in 2 studies and outside acceptable limits for 1 study.
For RR, LoA was wide for all studies. One study®* reported temperatures outside
acceptable ranges. Furthermore, RR was frequently rejected by the algorithm owing
to the inaccuracy of the measurement.®*% However, the results may be biased owing
to the high risk of bias at the reference standards and patient selection (Figure 2). In
addition, 2 of the 3 studies® 3 were authored by the employees of the SensiumVitals
manufacturing company and one study was also funded by the manufacturer.®

Feasibility outcomes

Two studies described the feasibility of this device. One qualitative study showed
the patient perceptions.5® Six themes emerged from the interviews: (1) patients
emphasized the importance of nursing contact, (2) patients indicated that they hoped
to be disturbed less for night-time observations with the new monitoring system, (3)
patients reported high comfort, (4) patients experienced a high sense of security, (5)
patients expressed that monitoring could be a solution for the busy nursing staff, and
(6) patients expressed reservations about the reliability of the technology such as
the data security and system failure. The second study reported that patients were
comfortable with the patch and that it enhanced the feeling of safety although 16.4%
discontinued the intervention owing to the discomfort before the end of the study.®?

Clinical outcomes

Only one study reported the clinical outcome. In that study, no statistically significant
better clinical outcomes for the patch group were seen, possibly owing to the sample
size.%2 Notably, the authors reported that an unacceptable high number of alerts were
sent to the nurses before adjusting the alarm thresholds. Since the quality of these
studies was rated from low to high by the MMAT tool, possible bias is introduced
(Figure 2).

Cost outcomes
None of the studies reported this type of outcome.

VitalPatch and HealthPatch MD
Five studies (N-133) have been published on the VitalPatch and its previous version
HealthPatch MD, which is not available anymore (VitalConnect; Table 1).4143%5 Of them,



Evidence for wearable continuous vital signs monitoring

one mixed methods study compared the HealthPatch with the ViSi Mobile 5 This patch
device is applied to the chest and measures HR, RR, and ST (Table 2).%®

Validation outcomes

This device was validated in 4 studies. For HR, the mean difference was acceptable for
all studies and LoA was acceptable for 2 studies (Table 4). The mean difference for RR
was acceptable; however, all studies reported LoA outside of the preset acceptable
range. One study reported a mean absolute error of less than 3 for HR and 1 for RR 5 All
studies were subject to potential bias at patient selection and the reference standard
(Table 4).

Feasibility outcomes

The acceptability of this device was reported as high by the majority of the nurses.#
However, the exact numbers were not reported. Besides, the health care professionals
recommended that it was necessary to gain experience with use of the device in
clinical practice# Patients reported that the HealthPatch did not restrict them in
daily activities. The fidelity of the system was reported in 2 studies, of which one
study reported a loss of data of 6%.42 They compared several thresholds; 63% of the
measurements were performed without data loss greater than 2 minutes. In addition,
another study reported that more than 50% of all the artefacts lasted for less than
1 minute, and 43% of them lasted for less than 5 minutes.?® The reasons for these
artefacts were wireless signal connection problems or losing skin contact.

None of the studies reported the clinical and cost outcomes.

w
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Figure 2: Quality assessment of the included studies. Check marks: low risk of bias; Crosses: high risk

of bias; Question marks: unclear risk of bias; Grey cells: Quality assessment tool not used for the study

Study MMAT-tool QUADAS-2
Risk of bias Applicability concerns
Patient Index Reference Flowand Patient Index Reference
selection test standard timing selection test standard
Progmet et al, 2016 [39] 2
Weller et al, 2017 [40] 2
Verillo et al, 2018 [51] 3
Weenk et al, 2017 [59] >
Watkins et al, 2015 [60] o]
Downey et al, 2018a [62] 2
Downey et al, 2018b [56] 5
Hernandez-Silveira et al, o v v v v v v
2015a [63]
Hernandez-Silveira et al, e e v v . v v
2015b [61]
Downey et al, 2019 [64] v ? x v v v x
Chan et al, 2013 [65] x ? x v x v ?
Izmailova et al, 2019 [41] x v x v x v x
Breteler et al, 2018 [42] ? v ? x v v
Selvaraj et al, 2018 [43] x ? ? ? x v
Liu, et al, 2015 169! 4
Liu et al, 2014 145] x ? ? v v v v
Razjouan et al, 2017 [46] 3
Boatin et al, 2016 [47] 3
Kim et al, 2012 48] x v v v * v v
Van Haren et al, 2013 [49] 4
Meizoso et al, 2016 [50] x v v v v v v
Dur et al, 2019 [52] ? ? ? e x ? ?
Lietal, 2019 [57] x v v x v v v
Ordonnel et al, 2019 [53] 2
Hubner et al, 2015 [54] 4
Liu et al, 2013 [55] ? ? x v x ? x
Paul et al, 2019 58] 4

v = low risk of bias, * = high risk of bias, ? - unclear of bias

WVSM Device

Two studies (N=305) evaluated the WVSM device (Athena GTX) in trauma patients
(Table 1).45% This device measures the HR, BP, RR, and SpO2 continuously and is worn

on the chest, upper arm, and fingertips (Table 2).7°
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Evidence for wearable continuous vital signs monitoring

Feasibility outcomes

One study reported the feasibility outcomes.#5 This study was a posthoc analysis of
the previous study of Liu et al.t? They found at least 75% adequate data for BP, HR, and
RR for predicting life-saving interventions (LSIs)* However, the results were subject
to bias because of a high risk of bias in the following categories: patient selection and
flow and timing (Figure 2).

Clinical outcomes

One study reported the clinical outcomes and showed that the data of this device were
accurate in comparison with that shown in a conventional monitor for the determination
of LSls, without periodic loss of signals or other errors.®® The authors learned during the
study that new medical devices to be used for prehospital studies require integration
into the local information technology infrastructure. The quality of this study was rated
as high (Figure 2).

None of the studies reported the validation and cost outcomes.

MiniMedic

Two studies (N=155) evaluated the MiniMedic (Athena GTX) in trauma patients (Table
1).495° This device measures the HR, SpO2, and ST both at the fingertip and in the
forehead (Table 2). In addition, a Murphy factor, an injury acuity algorithm that generates
a score, can be calculated for triaged patients in need of LSIs”*

Validation outcomes

One study compared the pulse-wave transit time, a derivate of BP, reported in the
device with the BP reported in the conventional monitor and found correlations
between them (R2-0.036, P<.001; Table 3)5° Temperature measurements were
significantly different between the device and the reference standard and between
the fingertip and the forehead sensor of the device. For HR, a mean difference of 3
beats per minute was found between the device and the reference standard (P<.001).
For SpO2, the median difference between the conventional monitor and the fingertip
sensor was 0% and that between the conventional monitor and the forehead sensor
was 7% (P<.001). However, this study had a high possibility of bias at patient selection
(Figure 2). The second study demonstrated that the MiniMedic was capable of
computing a single numeric value, the Murphy factor, to summarize the overall patient
status and to identify prehospital trauma patients who need LSls.#

None of these studies reported the feasibility, clinical, and cost outcomes.
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Zephyr BioPatch

Three studies (N=-85) have been published about the Zephyr BioPatch (Medtronic
Annapolis; Table 1).464¢ This is a patch or a patch fixed by a harness on the chest and it
measures the HR, RR, and the estimated core temperature (Table 2).7?

Validation outcomes

Two studies reported the validation outcomes (Table 3). One study was conducted
in healthy volunteers during graded exercise and in a hot environment and one was
conducted in full-term pregnant women.#4¢ For HR, both studies reported acceptable
mean differences but nonacceptable LoA. For RR, one study# reported acceptable
mean differences but nonacceptable LoA for RR but the other study#® that also reported
acceptable mean differences but nonacceptable LoA for RR was subjected to a high risk
of bias at patient selection (Figure 2). Therefore, Boatin et al* are the only researchers
who have reported acceptable mean differences but nonacceptable LoA for RR.

Feasibility outcomes

Considering the feasibility outcomes, the participants found the patch comfortable (78%),
likeable (81%), and useful (97%). Among nurses, 80% of the nurses found the monitor easy
to use and 84% would recommend it to patients.#” Another study reported a retention rate
of 88.6% at the end of the 24-hour monitoring period after exclusion of 2 patients with
poor electrocardiogram (ECG) signals.“® Furthermore, the authors interviewed patients
and nurses about any challenges wearing the sensors. Both groups did not report any
challenges. The quality of the studies was rated as moderate and high (Figure 2).

None of the included studies reported the clinical and cost outcomes.

Biosensor
One study (N=17) reported about the Philips Biosensor, which is a rebrand of the
VitalConnect's HealthPatch (Table 1).57 This device is able to measure HR, RR, and ST
(Table 2)73

Validation outcomes

This study only compared the RR of the device with a reference standard. This resulted
in acceptable limits of mean difference of 3.5:5.2 breaths per minute and a statistically
significant correlation of Spearman'’s p of 0.86. However, results may be biased due to
the high risk of bias regarding patient selection and flow and timing (Figure 2). In addition,
2 authors were employees of Philips and the study was funded by the manufacturer.

This study did not report the feasibility, clinical, and cost outcomes.
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Wavelet Wristband
One study (N=35) reported about the Wavelet Wristband (Wavelet Health), a watch
that monitors HR and RR (Table 1 and Table 2).527

Validation outcomes

For HR, acceptable mean differences and LoA were found (Table 4). For RR, the LoA
was outside of the acceptable limits. However, all aspects of risk of bias were either
unclear or high and applicability was low (Figure 2). Besides, 4 authors were former or
current employees of the manufacturing company.

This study did not report the feasibility, clinical, and cost outcomes.

Proteus Patch
We found 1 study (N=13) that reported about the Proteus patch (Proteus Digital Health;
Table 1).23 This device monitors HR, RR, and ST (Table 2)75

Feasibility outcomes

In the feasibility study, the patch was able to monitor for over 5 days at home. However,
data of 2 patients was insufficient for performing the analysis and were excluded. The
quality of the study was rated as low (Figure 2).

This study did not report the validation, clinical, or cost outcomes.

IntelliVue Cableless Measurement Solution

We found about the IntelliVue Cableless Measurement Solution (Philips) in 1 study on
clinical patients (N=226; Table 1).54 This is a device for monitoring the HR, RR, BP, and
SpO2 (Table 2)7°

Feasibility outcomes

There was an overall good acceptance by patients and health care professionals.
No data was lost due to technical difficulties over a median monitoring period of 178
minutes per patient. The quality of the study was rated as high (Figure 2).

This study did not report the validation, clinical, or cost outcomes.
Equivital EQo2 Lifemonitor
We found 1 study (N=6) that reported about the Equivital EQ02 Lifemonitor (Hidalgo Ltd)

for measuring the HR, RR, ST, and core temperature by using a chest-worn belt monitor
(Table 1 and Table 2).55 The core temperature was measured using an ingestible pill”
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Validation outcomes

Acceptable results were found for HR and RR (Figure 2). Skin temperature was outside
of the acceptable limits for mean difference and LoA, but the core temperature
measurement was considered as acceptable. However, these results were subjected
to a high risk of bias at patient selection and reference standard (Figure 2).

This study did not report the feasibility, clinical, and cost outcomes.

Alarm Management System

We found 1 study (N=250) that reported about the Alarm Management System
(Covidien; Table 1).2® This device was worn at the fingertip and it measures HR and
SpO2 (Table 2).

Feasibility outcomes

The authors reported that 86.6% of the patients completed the monitoring period in
the study. Besides, a mean of 4 alarms per week was reported due to decreased SpO2
in about 75% of the alarms.

Clinical outcomes
The authors reported respiratory event rates, ICU transfer, and RRT calls. However,
this occurred 0 times in the control and 1 time in the intervention group. Eventually,

the quality of this study was rated as high (Figure 2).

This study did not report about the validation or cost outcomes.
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DISCUSSION

Summary of Evidence

In this study, we aimed to provide a systematic review of the current evidence on
wearable wireless continuous monitoring devices for vital signs monitoring. We
included 27 studies, which evaluated 13 different wearable devices. Overall, the studies
predominantly evaluated the validation of the recorded data (N-15) or the feasibility
(N=15) of these devices. Clinical outcomes were only reported in 6 studies, and studies
describing the cost outcomes are still lacking. Although 13 different devices were
included in this review, these devices did not share the same indication in terms of
monitoring. In general, 2 main target indications could be identified. First, the ViSi
Mobile, WVSM Device, MiniMedic, and IntelliVue Cableless Measurement Solution
were designed for more extensive prehospital (ambulance) or clinical physiological
monitoring. This monitoring level may be comparable to standard ICU monitoring,
and therefore, these devices are usually bulkier wearable devices. Second, patch,
wristband, and harness devices such as the SensiumVitals, VitalPatch, Philips
Biosensor, Zephyr BioPatch, EQo2 Lifemonitor, Alarm Management System, Wavelet
Wristband, and the Proteus patch were designed for ambulant wireless clinical
monitoring of only a few basic vital signs. These devices are possibly more suitable
for patients in the general ward and for monitoring the vital signs at home.

Regarding the validation of the devices, a few considerations should be taken into
account. Many of these studies were conducted in healthy volunteers, which may
introduce a bias owing to the lack of deviating vital signs values when compared to
the vital signs of the actual patients. Further, for technical reasons, vital signs cannot be
measured continuously by wearable sensors with equal accuracy. In particular, the RR
and temperatures still appear to be difficult to be measured reliably in several included
studies. In fact, the optimal reference standard for measuring RR has still not been
found, although it is considered to be the most important parameter for predicting
clinical deterioration78-# In addition, the optimal method for measuring temperature by
using wearable wireless devices has yet to be found. Most devices measure the skin
temperature, which is known to be unreliable as equivalent for core temperature.t2-8+

Feasibility outcomes were focused on acceptability by health care professionals and
patients. In general, both groups were positive about the deployment of the devices.
In addition, the operation of the system was evaluated, such as the completeness of
the measurements and the number and appropriateness of the alarms. Both outcomes
were assessed as feasible.
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The impact of these devices on clinical outcomes is still unclear because most
included studies were underpowered to demonstrate any significant effect. However,
multiple studies described cases wherein a complication was recognized earlier by
the device and acted upon in a timely manner.

Regarding costs, no outcomes were reported about the devices in the included
studies. Such data may however be essential for preparing future business cases for
large-scale implementation, considering the relatively high cost of such monitoring
devices and platforms.®s

Previously published reviews on continuous monitoring did not focus on wearable
devices, except for one, but this was not a systematic review3? We found comparable
but also contrasting results in that study.® The review of Joshi et al® reported the same
devices as those reported by us as well as some other devices that we excluded since
there were no published studies about those devices or they were published before
2009. In line with our results, they also concluded that the diagnostic accuracy of the
devices was suboptimal, especially the alarm rates and the false alarms. In addition,
they also indicated that there were no sufficiently powered studies to show beneficial
clinical effects or cost-effectiveness.

In a review of nonwearable devices, Cardona-Morrell et al* found that early detection
of deterioration was enhanced but there were no significant improvements in the
clinical outcomes, which is in line with our findings regarding wearable devices.
This could be explained by the heterogeneous and underpowered character of
the included studies* Downey et al®® also came to this conclusion and further
stated that continuous monitoring seems to be feasible in terms of the frequency
of implementation in hospitals; they found that patient and nurse perceptions were
positive and that continuous monitoring may be cost-efficient.

Limitations

This systematic review had several limitations. First, the quality varied across the
included studies. Several accuracy studies contained high risk of bias regarding
patient selection as well as the applicability. Further, the reference standard was often
not free from potential bias. Considering the studies assessed with the MMAT tool,
quality was predominantly rated 2 or 3 out of 5; therefore, bias is present. Moreover,
assessing the quality of the studies and comparing these studies was difficult owing
to the heterogeneity of the included studies. Therefore, performing a meta-analysis
was not possible owing to the heterogeneity in the devices and the outcomes. Second,
5 of the included studies had possible conflicts of interest owing to funding by the
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manufacturer or because employees of the manufacturing companies of the devices
played a role in the conduct of the study. This highlights the possible risk of reporting
and publication bias within this field of research. Third, there were some limitations
about the search. We only focused on devices that measured at least two vital signs.
However, this cut-off was based on previous studies about the predictive value for
clinical deterioration. These studies found that the more vital signs are monitored,
the more accurate the detection is.8788 Besides, we only focused on off-the-shelf
devices with a clearance by the CE mark or FDA as a medical device for clinical
use. We excluded 42 prototype studies that were considered to be less clinically
relevant for health care professionals. However, this indicates that there may be many
more monitoring devices that will be launched in the health care market in the future.
Besides, the review was restricted to English and Dutch publications published from
2009 and after. Only a few studies were excluded based on language and the older
studies were considered be less clinically relevant owing to outdated technology.
Fourth, we prespecified the clinically relevant mean difference and LoA for vital signs.
It may be clinically desirable to redefine acceptable accuracy limits depending on the
value of the vital signs measured and the patient population. For example, a difference
of 3 breaths per minute is more clinically relevant in a range of 5-8 breaths per minute
than with 30-33 breaths per minute. However, reliable evidence or guidelines for
continuous monitoring of vital signs are currently lacking.

Clinical Implications

This review outlines several important clinical implications before health systems may
proceed to large-scale implementation of wearable wireless continuous monitoring
devices for vital signs monitoring for patients in the hospital and at home. For both
settings, vital signs data measurements should be accurate, reliable, and validated
in clinical studies. This is especially important for the home setting, wherein a health
care professional is not readily available to assess the clinical condition of the
patient. For further optimization, the monitoring measurements should preferably be
incorporated into an early warning score system supported by a validated decision
support algorithm.® These analysis algorithms should be further enhanced to prevent
too many alarms in order to avoid alarm fatigue.®® Further, for optimal adoption into
clinical workflows, the vital signs measurements should preferably be integrated into
the electronic medical record. This will likely improve commitment and compliance
from nurses and doctors and will also allow for the summarized monitoring data to be
archived in the patient records 3 When all such factors are optimized, it is anticipated
that studies will be able to show a significant effect on clinical outcomes. For monitoring
patients at home, the patient data need to be sent to health care professionals through
a stable and secure wireless connection. Such a system will need to be embedded in
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a validated care work flow, thereby providing alarm reviews by care professionals who
will assess, make an initial phone call, and then escalate to a home visit by a nurse
or direct the patient to the emergency department when needed.®* Furthermore, for
home monitoring, the devices should be small, flexible, and hypoallergenic and not
bother patients during their daily activities.®24 Battery life, which currently ranges from 3
to 7 days in most devices, may be further extended especially for long-term monitoring
of patients with chronic diseases such as heart failure® Eventually, when all the
conditions are optimized, larger studies may be able to demonstrate that continuous
home monitoring safely allows for routine early discharge from the hospital. Further,
such a system may potentially provide timely detection of complications, and thereby
prevent readmissions, improve overall outcomes, and decrease health care costs 2192

Conclusions

Continuous monitoring devices are mostly still in the validation and feasibility phases.
Besides, studies reporting clinical outcomes are still sparse and cost outcome
studies are still lacking. Such studies are needed to help health care professionals
and administrators in their decision making regarding the implementation of these
devices on a large scale in clinical practice or in home monitoring.
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APPENDICES

Appendix 1: search string of database PubMed/Medline

#1 vital OR vital sign” OR vital function” OR vital parameter® OR clinical deterioration
OR deterioration OR Vital Signs [MeSH]

#2 Remote continuous monitoring OR Wireless continuous monitoring OR wireless
device OR patch OR appliance OR wearable OR portable OR smart OR sensor OR
Physiologic Monitoring IMeSHI

#3 clinical outcome OR mortality OR death OR length of stay OR LoS OR readmission
OR intensive care unit admission OR ICU admission OR rapid response team OR
RRT OR intervention” OR sepsis OR operation OR valid” OR reliab” OR feasibility”
OR acceptability OR demand OR implementation OR practicality OR adaptation OR
integration OR expansion OR limited-efficacy testing OR cost” OR cost-effectiveness
OR cost-efficient
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Expectations of wearable continuous vital signs monitoring

ABSTRACT

Background

Patients undergoing esophagectomy are at serious risk of developing postoperative
complications. To support early recognition of clinical deterioration, wireless sensor
technologies that enable continuous vital signs monitoring in a ward setting are
emerging. Objective: This study explored nurses’ and surgeons' expectations of the
potential effectiveness and impact of continuous wireless vital signs monitoring in
patients admitted to the ward after esophagectomy.

Methods

Semistructured interviews were conducted at 3 esophageal cancer centers in the
Netherlands. In each center, 2 nurses and 2 surgeons were interviewed regarding their
expectations of continuous vital signs monitoring for early recognition of complications
after esophagectomy. Historical data of patient characteristics and clinical outcomes
were collected in each center and presented to the local participants to support
estimations on clinical outcome.

Results

The majority of nurses and surgeons expected that continuous vital signs monitoring
could contribute to the earlier recognition of deterioration and result in earlier treatment
for postoperative complications, although the effective time gain would depend on
patient and situational factors. Their expectations regarding the impact of potential
earlier diagnosis on clinical outcomes varied. Nevertheless, most caregivers would
consider implementing continuous monitoring in the surgical ward to support patient
monitoring after esophagectomy.

Conclusions

Caregivers expected that wireless vital signs monitoring would provide opportunities for
early detection of postoperative complications in patients undergoing esophagectomy
admitted to the ward and prevent sequelae under certain circumstances. As the
technology matures, clinical outcome studies will be necessary to objectify these
expectations and further investigate overall effects on patient outcome.
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INTRODUCTION

Surgical treatment of esophageal cancer is highly complex and associated with
considerable postoperative morbidity. Although the centralization of care and
introduction of minimally invasive surgery have improved clinical outcomes,
complications still occur in approximately 60% of patients undergoing esophagectomy.t?
These postoperative complications contribute to mortality, prolonged hospitalization,
and increased costs3®

To prevent severe sequelae of complications after esophagectomy, early recognition
of clinical deterioration is essential’¢ As complications are often preceded by
detectable signs, such as atrial fibrillation or hemodynamic instability °*, patients are
usually admitted to high-care units in the first days after surgery for close monitoring
of vital signs (eg, heart rate, respiratory rate, blood pressure, body temperature) and
other clinical markers. However, with the introduction of enhanced recovery pathways,
patients tend to be transferred to surgical wards earlier.2* Consequently, clinical signs
of complications after esophagectomy present more often at the ward. Since the
level of patient monitoring is typically lower in a ward setting, where vital signs are
only measured a few times per day, this poses a risk of missing important early signs
of deterioration.

As the market for wearable medical technologies grows, unobtrusive tools for
wireless vital signs monitoring are emerging. By allowing continuous vital signs
monitoring even while mobilizing, these technologies may aid early recognition
of clinical deterioration in ward patients*4*® and could therefore be of interest for
patients undergoing esophagectomy. However, despite the potential promises, the
technology is stillimmature, and further developments are needed to facilitate optimal
implementation#2° Furthermore, it is as of yet unclear how continuous monitoring
should be integrated in current routines to promote effective care escalation.
Accordingly, acceptance of the new technology and adoption by caregivers is
uncertain, while this is crucial for effective implementation. Lastly, to date, there is still
only scant evidence of the clinical value in specific patient populations.?* Therefore,
the aim of this study was to gain insight into nurses’ and surgeons' expectations of
the potential effectiveness and clinical impact of continuous vital signs monitoring in
patients admitted to the surgical ward after esophagectomy.
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METHODS

Participants

We performed semistructured interviews with nurses and surgeons involved in the
postoperative care of patients undergoing esophagectomy, which allowed thorough
discussion of research topics from different perspectives. The study focused on
surgical practice in the Netherlands, and interviewees were recruited from 3 Dutch
high-volume centers for esophageal surgery (University Medical Center Utrecht,
Catharina Hospital Eindhoven, ZGT Hospital Almelo). Purposive sampling? was applied
to obtain a sample of care professionals with a high level of relevant expertise, aiming
to promote in-depth discussion and informed judgements of the interview topics.
Accordingly, in each participating center, the chair of the surgical (ward) team proposed
candidates with the most knowledge and experience of postoperative monitoring of
patients undergoing esophagectomy. Candidates were invited to participate in the
study through email and gave written consent for the interview.

Interview Setup

The interview setup and scheme (Appendix 1) was developed by a group of 5
researchers and care professionals with expertise in the field of telemonitoring,
clinical patient monitoring, esophageal surgery, and qualitative research. The interview
included structured and open questions within 5 main themes. First, current approaches
to patient monitoring after esophagectomy and factors influencing early recognition
of postoperative complications were investigated. Subsequently, the participant's
expectations regarding the effectiveness and clinical impact of continuous vital signs
monitoring were discussed. Last, considerations regarding the implementation of
continuous monitoring were explored. As anastomotic leak and pneumonia are the
most prevalent complications that can seriously affect clinical outcome in patients
undergoing esophagectomy*32, these complications were used as case examples
to discuss the topics and elicit concrete predictions.

Two pilot interviews were conducted—one with an experienced nurse (working
experience: 9 years) and one with a surgeon (working experience: 2 years)—within
one of the participating centers to verify whether questions were interpreted correctly
and whether the research goals were obtained. Based on these test interviews, visual
aids described below were added to further improve clarification of questions and
structuration of the interview. Furthermore, the test interview led to the removal of
questions regarding potential effect size, since the test participants indicated that
the validity of such expert-based judgments would be questionable given the many
uncertainties involved.
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A researcher from an independent institute with a background in technical medicine
and wireless patient monitoring performed all interviews in private workplaces within
the hospital. The interviewer was guided by the interview scheme but was allowed
to change the sequence of questions within main topics or to add questions for
emerging topics. Rephrasing of questions and probing was used to encourage detailed
answering. The interviews were audiotaped, and no notes were taken.

Materials

The interviewer used visual aids for clarification of theoretical concepts and structured
collection of information (Appendix 1). The concept of continuous vital signs monitoring was
introduced as the ability to constantly track heart rate, respiratory rate, body temperature,
and oxygen saturation by means of unobtrusive wearable sensors that allow patient
mobilization within the hospital. In addition, it was stated that automatic threshold alarms or
(variations of) early warning scores could be integrated to assist detection of abnormalities.

To support and anchor estimations of potential clinical effects and minimize the
possible influence of differences in preknowledge between participants, descriptive
data of the local patient population were collected for each center and presented
as the prior situation to the corresponding participants during the final part of the
interview. Data included population characteristics, complication rates, and clinical
outcome measures for all patients that underwent elective esophagectomy for
nonrecurrent esophageal cancer between January 2015 and December 2016. All data
were registered according to definitions by the Dutch Upper Gastrointestinal Cancer
Audit®?4 and collected prior to the interviews. Appendix 2 summarizes the baseline
characteristics of the pooled patient populations of the 3 participating centers.

Analysis

The interviewer transcribed the interview recordings. Next, all transcripts were
coded using Atlas.ti software (version 8.3.2; Atlas.ti Scientific Software Development)
for content analysis.?> Coding was performed independently by the interviewer and
a second researcher with expertise in nursing and wireless patient monitoring. In this
process, content was categorized according to the predefined interview topics, after
which the results of structured questions were summarized and emerging themes
within categories were coded. Codes were refined as analysis progressed and added
when new themes emerged. Any discrepancies in coding by the 2 researchers were
mutually discussed to obtain consensus for all codes and themes. The transcripts
were not returned to the participants for correction to avoid censoring, and study
findings were member checked after completion of the analysis. To evaluate the level
of data saturation that was obtained, we assessed the number of new themes that

(o)

o)



Expectations of wearable continuous vital signs monitoring

were elicited across the inclusion of participants. In addition, we explored the number
of themes mentioned exclusively by either nurses or surgeons or by participants
of 1 center only. The results were reported following the Standards for Reporting
Qualitative Research guidelines 2

RESULTS

Participants

All candidates that were invited for the interview participated in the study. The recruited
nurses (N=6) had a median working experience of 7.5 years (range 2-25 years), of which
they worked 4 years (range 1-25 years) with patients undergoing esophagectomy.
The participating surgeons (n=6) had a median working experience of 11 years (range
6-21 years) in upper gastrointestinal surgery. Interviews had an average duration of 44
minutes (range 25-63 minutes).

Data Saturation

Content analysis resulted in identification of 40 themes (Appendix 3), of which 14 themes
were described by participants in 2 centers and 25 themes were discussed in all included
centers. In each center, at least 75% of all themes were described by at least one of the
participants. In total, 85% of all themes were described by both nurses and surgeons.
Analysis of the interviews from the last included participants did not result in elicitation
of new themes (Appendix 3); hence, sufficient data saturation was assumed.

Current Monitoring Routine

Current protocols for patient monitoring during ward stay were similar among the 3
hospitals. Typically, a physician visited the patient during daily rounds and performed
physical examination on indication. Chest radiography, blood tests of infection parameters,
and drain amylase tests were performed daily in the first days after surgery. Each hospital
used an early warning score system (similar to the Modified or National Early Warning
Score?”?) 1o evaluate the patient's status 3to 4 times per day. As part of these early warning
scores, standard vital sign measurements of heart rate, respiratory rate, blood pressure,
oxygen saturation, and temperature were performed. This set was complemented
by routine measurements of urine output and evaluation of mental status. However,
participants of one hospital described that urine output and mental status were not
assessed routinely for each patient but specifically in patients with suspected instability.

In case deterioration was suspected based on routine measurements and subjective
nurse observations, additional physical examination, vital signs measurements, blood
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tests, or diagnostic imaging were performed to confirm findings and for further diagnosis.
However, the approach of diagnostic confirmation seemed to vary between hospitals,
as participants from one hospital promoted early activation of diagnostic imaging, while
other participants advocated a wait-and-see policy to prevent overdiagnosis.

Early Recognition of Complications

All participants underlined that early recognition of complications is important
for rapid recovery and minimization of adverse clinical outcomes. Furthermore,
all participants were confident that the current monitoring routine supports early
complication recognition but recognized that the time to identification and treatment
of complications depends on various factors.

The majority of participants reported that signs of anastomotic leak and pneumonia
typically present first in vital signs measurements and subjective nurse observations
(Appendix 4). In a later phase, abnormalities often present in lab tests and physical
examinations, followed by medical imaging. However, several participants pointed
out that the presentation of clinical deterioration varies per patient and complication
type. As one nurse explained:

The presentation of a complication differs between patients. Some patients are
able to compensate for a long time, while other patients deteriorate immediately.
Participant 3

Participants noted that clinical deterioration is not always visible in an early stage or
for a mild degree of complications, where physiology is still unaffected or impairment
is too small to be captured by routine observations or diagnostic tests. Furthermore,
compensatory mechanisms or medication may suppress signs of deterioration. As
such, abnormalities may remain undetected.

Conversely, abnormal diagnostic test results or physical symptoms, for example,
tachycardia, could relate to various complication types, which hampers differentiation
in an early phase. Moreover, abnormalities can be caused by the surgical stress
response, comorbidities, or normal variations. For these reasons, identification of
deterioration relies on the combination of subjective observations and diagnostic tests.
Accordingly, caregivers often wait to see whether the observed abnormalities persist
or present in other diagnostic tests before acknowledging a (potential) complication.
Last, half of the participating surgeons mentioned that routine test results are often
assessed statically according to standard thresholds, while temporal changes are
more indicative of deterioration.
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Participants explained that late detection of clinical deterioration can be caused
by incomplete or delayed routine examinations. Nurse observations and vital signs
measurements may be skipped or postponed if the patient appears stable, in
particular when workload is high. Additionally, vital signs are not always measured in
patients who are asleep to avoid sleep deprivation. Lastly, the interval between the
onset of deterioration and evaluation of test results depends on the timing of routine
measurements and clinical rounds, which leads to variable response times.

A total of 6 participants mentioned that the level of expertise of the treating physician
and nurse influences how fast deterioration is recognized and acted upon, as this
impacts the ability to observe and interpret physical signs and identify abnormalities
in diagnostic results. This mainly concerns weekend, evening, and night shifts, which
are typically occupied by less experienced staff.

Effectiveness of Continuous Vital Signs Monitoring

The majority of participants expected that continuous vital signs monitoring could
support early recognition of deterioration related to anastomotic leak and pneumonia
(Figure 1). A total of 6 participants estimated a maximal time gain of 1 to 8 hours, deduced
from the fact that continuous availability of data can facilitate direct notification of (acute)
abnormalities and hence fill the gap between current intermittent measurements, which
are typically obtained every 8 hours. Conversely, 5 participants argued that the time
gain could be higher and might reach 12 to 48 hours, mainly supported by the increased
ability to identify time trends or abnormal patterns. As one surgeon described:

With the availability of continuous data, we can better observe trends, which are
more important than spot-checks..These patterns influence our judgement of the
patient’s status.

Participant 4

This can be of particular benefit for patients with slowly developing complications or in
cases where deterioration is not suspected due to unspecific or absent physical signs.
Lastly, 3 participants also described that it is likely that continuous monitoring promotes
early identification by increasing the awareness of potential abnormalities. Next to
pneumonia and anastomotic leak, participants mentioned that continuous monitoring
could contribute to early detection of arrhythmias, such as atrial fibrillation, infections,
and severe acute events, such as pulmonary embolism and myocardial infarction.

»
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The participants who were more doubtful about the ability to recognize deterioration
early mostly ascribed this to the limited sensitivity and specificity of vital signs
measurements and the importance of full clinical assessment. A nurse stated:

These numbers don't tell the whole story.
Participant 2

Furthermore, it was argued that early warning does not just rely on vital signs, since
first signs of complications could be observed in other measurements at the same
time or even earlier depending on presentation (Appendix 4). Last, several participants
stated that it is unlikely that deterioration can be identified earlier, as current routines
are already effective and caregivers are constantly alert to potential complications.

Most participants expected that early notification of deterioration effected by
continuous vital signs monitoring would lead to earlier treatment of the underlying
complication in (@ subset of) patients (Figure 1). Participants pointed out that continuous
monitoring would also promote earlier activation of therapy by increasing the certainty
that abnormalities persist or providing an objective description of the patient status
that could be used to justify escalation of care. The overall effect on time to treatment
might, however, be limited, as clinical progress or diagnostic confirmation is often
awaited first. A nurse explained:

There are cases where we have to wait and follow-up the measurements. Then we
can identify whether the patient is indeed deteriorating or stabilizes.
Participant 2

Six participants stated that the implementation of active alarms is crucial for effective
monitoring, as these could raise the awareness of abnormal vital signs. One of the
surgeons mentioned:

Alarms will trigger caregivers to actively search for abnormalities...| think this will
specifically improve the continuity of early recognition.
Participant 11

By supporting identification of abnormalities, automated alarms can reduce nurse
workload and minimize the dependency on nurse expertise. However, it was also
mentioned that alarm-based response systems may have unintended consequences,
such as neglecting subjective patient observation, which should be prevented, as this
is important for adequate patient assessment. Furthermore, it is crucial that notifications
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are given at the right time and that the number of false alerts is minimal to prevent
alarm fatigue. A total of 3 surgeons stated it would be valuable to complement the
static assessment of vital sign values by automatic trend detection.

Most participants mentioned that implementation of continuous monitoring requires
training for nurses and physicians in the practical use of the monitoring system or
interpretation of continuous vital signs. In addition, 10 participants underlined the need
for a clear protocol that defines the responsibilities of clinical staff and describes when
and how to act in case of vital sign abnormalities. However, it was also noted that it is
first needed to gain more insight into patterns of deterioration that require escalation of
care and that it would take time to find out and establish effective monitoring routines.

Figure 1: Participants’ expectations on effectiveness of continuous vital signs monitoring
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Impact of Continuous Vital Signs Monitoring

The combined data from the 3 participating hospitals (Figure 2) showed that
patients who developed postoperative pneumonia, anastomotic leak, or both had
a considerably longer length of hospital stay and increased risk of intensive care
unit (ICU) or medium care unit (MCU) readmission. Furthermore, the data suggest
that anastomotic leak strongly increases mortality. Overall, a minority of participants
expected that early recognition and treatment of pneumonia and anastomotic leak
effected by continuous monitoring would improve these outcome measures, as shown
in Figure 3. Participants who expected a reduced hospital and ICU or MCU length of
stay assigned this either to a shortened recovery and treatment period or to earlier
onset and hence completion of the treatment period. Improvement in ICU or MCU
readmission rate and mortality was attributed to a potential reduction in complication
severity. Two participants stated that early recognition is of the highest value in patients
with mild complications, as prevention of further deterioration would still be relatively
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easy. In contrast, 2 other participants expected the most impact in cases of severe
complications because there would be more room to reduce the degree of illness.
Furthermore, it was mentioned that the largest benefits could be expected in patients
with a poor preoperative condition, as these have a higher risk of severe deterioration.

Figure 2: Clinical outcome of patients undergoing esophagectomy
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Outcomes are reported for the pooled patient population that underwent elective esophagectomy
between 2015 and 2016 in one of the three participating centers (N-280). Subgroups reflect patients
with or without pneumonia and/or anastomotic leak within 30 days after surgery. ICU/MCU: Intensive/
medium care unit.
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Figure 3: Participants' expectations on the improvement of clinical outcome measures. ICU/MCU:
Intensive/medium care unit.
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A total of 5 participants mentioned that the time gain that could be obtained with
continuous monitoring is insufficient for notable improvement of clinical outcome.
One nurse stated:

The hours that we could possibly gain on top of our current protocol are not
enough to impact the progress or severity of the complication.
Participant 6

Participants who were doubtful indicated that the minimal time gain required for
significant reduction of adverse effects caused by complications would range from
12 to 48 hours. Lastly, it was pointed out that adverse effects of some complications
cannot be minimized at all because early onset of treatment does not reduce the
duration of hospitalization or change patient outcomes.

Considerations for Implementation

Taking all potential effects into account, 10 participants would consider implementing
continuous monitoring on their ward for early detection of deterioration. Most of these
participants (n=6) would monitor all patients undergoing esophagectomy, while others
preferred preselection of older patients (n-1) or patients with a poor preoperative
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condition (n=1). Several participants considered applying continuous monitoring only
during the first days of ward stay (n=2) or in case of nurse concerns (n-=1).

The main argument against implementation included the expectation that continuous
monitoring would not bring sufficient benefit on top of current monitoring protocols
due to limited clinical effects. Furthermore, 5 participants mentioned that improvement
in patient monitoring is becoming less relevant, as the prevalence and severity of
complications is reducing over the years. A surgeon said:

Patients have a lower risk of developing complications than a few years ago...
Also, the effects of complications are less severe. So, we now have more room to
await clinical progress.

Participant 5

Participants described additional risks and benefits related to patient experience,
nurse workload, and financial consequences but were divided on these topics. Several
participants suspected that continuous monitoring would create a feeling of safety for
patients. On the other hand, other participants expected worry related to false alarms
and the feeling of being at risk. Furthermore, it was noted that the sensor placement
and potential overdiagnosis could increase patient burden.

While most participants expected a reduction of nurse workload from (partial)
automated vital signs measurement, others warned of increased workload related
to vital sign interpretation and management of alarms. Moreover, 3 nurses suspected
that the implementation of continuous monitoring would also create increased
expectations of the level of care. One of these nurses stated:

In case you monitor patients continuously, you will also need to be able to provide
continuous response.
Participant 6

However, they feared that this level of care could not be met, as the available time and
expertise of the ward nurse staff is currently insufficient.

Lastly, participants reported that cost might be saved as a result of reduced

hospital length of stay and reduced intensive care readmissions but also noted that
expenditures might increase due to the costs of monitoring systems.
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DISCUSSION

Principal Findings

This study identified perceptions of surgeons and nurses on the potential clinical
effects of continuous vital signs monitoring by means of wearable sensors in patients
admitted to the ward after esophagectomy. Caregivers suspected that continuous
vital signs monitoring could promote early recognition of clinical deterioration in this
population and setting and contribute to early treatment of prevalent complications.
However, there were varying expectations regarding whether continuous monitoring
would lead to notable improvements in hospital length of stay, ICU readmission, and
mortality. Despite an as of yet uncertain clinical impact, most caregivers are positive
toward future implementation of continuous vital signs monitoring to support patient
monitoring in the surgical ward, provided that their concerns are adequately addressed.

Previous Studies

The perioperative management of patients undergoing esophagectomy has evolved
over the years, and there is growing attention to the importance of early complication
recognition.® According to current study results, however, there is still room to
improve early detection of complications in a ward setting, which conforms to findings
of previous studies.”# Vital signs and related early warning systems have been found
to be good predictors of ICU transfer, cardiac arrest, and mortality*®3°3t Therefore,
there are high expectations of the potential value of continuous wireless vital signs
monitoring, which allow more accurate and constant risk evaluation.!4:3233

Although evidence is still scarce, previous studies have described how continuous
vital signs monitoring using wearable sensors could promote early identification of
patient deterioration in a ward setting®34%, which was also expected by these study
participants. Furthermore, wireless monitoring has been proposed as a promising aid
in other settings, for example, to assist in- or out-of-hospital monitoring of isolated
patients during the current COVID-19 pandemic or surgical patients with restricted
access to medical services3®

However, previous studies have reported variable effects of continuous monitoring on
patient outcomes and cost efficiency?3%, which is in line with the mixed expectations
regarding clinical impact found in our study. Part of this inconclusive evidence can be
explained by the fact that most studies so far have included small or heterogeneous
study populations and used different monitoring strategies. Furthermore, continuous
monitoring has often not been implemented at its full potential, restricted by the
constraints of current available technology or limited compliance to the monitoring or
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response protocols. Moreover, the monitoring protocols have often adopted a classical
approach to vital signs assessment based on static vital signs levels. However, as
described by current participants and in previous research3?, continuous and automated
monitoring creates additional opportunities for trend evaluation and integration with
context data, which may improve identification of deterioration. Accordingly, further
investigation of adequate methods for trend-based and personalized assessment of
vital signs data is encouraged.

On the other hand, these discrepant expectations regarding the possible clinical
impact of continuous monitoring may also represent the complexity of managing
postoperative surgical complications, where the ability to minimize adverse outcomes
depends not only on early detection and treatment but also on the effects of the
selected interventions. As the implementation of continuous monitoring introduces a
risk of alarm fatigue and patient discomfort?, studies that identify patients that would
benefit most from continuous remote monitoring and early treatment are desired.
Correspondingly, our study participants underlined the importance of establishing
feasible but effective protocols for escalation of care. Furthermore, the responsibilities
of caregivers and work processes should be adjusted with care to encourage adoption
by caregivers and promote the effective implementation of continuous monitoring. The
results of this interview study indicate that even if vital signs monitoring triggers early
suspicion of deterioration, clinical observation as well as complementary diagnostic
tests are imperative for the correct interpretation and actual diagnosis of complications.
However, the introduction of continuous monitoring could also lead to overreliance in
monitoring technology.?933 Therefore, careful implementation is required to balance
the risks of missed events and overdiagnosis.

Strengths and Limitations

The qualitative design of this study allowed us to obtain estimations from professionals
caring for patients undergoing esophagectomy, a highly complex surgical procedure
associated with considerable risk, regarding the effectiveness of continuous monitoring
technology. By using expert elicitation, the potential of continuous monitoring in the
postoperative setting could be evaluated in the early development phase, where
technology is evolving rapidly and the reliability, accuracy, and usability of these
systems still need to be demonstrated.’* Another advantage of this theoretical
approach is that the results were not affected by the local implementation of
technology or compliance of patients and caregivers, which could distort evaluation
in clinical studies.? Furthermore, the interviews allowed stepwise investigation of
individual components of the monitoring and response chain, which is challenging
in a clinical setting.
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However, as reflected by current findings, there are many patient-related or situational
factors that might influence the effectiveness and impact of continuous patient
monitoring and also challenge theoretical effect estimation. To promote the validity of
estimates from caregivers, we therefore focused on a highly specific patient population
and used case examples to minimize uncertainty. Furthermore, we purposely included
only experienced caregivers from specialized centers within a single country to
participate in the study to compose a homogeneous group of experts (ie, information-
rich cases). Last, historical data of the local patient population were used to describe
current clinical outcomes and create a consistent anchor point for effect evaluation.
Nevertheless, current estimations can only be used hypothetically, and the overall
impact on clinical outcome measures requires confirmation in clinical practice.

This study included surgeons and well as nurses from 3 centers. This allowed us to
investigate topics and viewpoints from both the nursing and surgical professions and
possible local perspectives within the Netherlands. According to national registries,
these high-volume centers were responsible for 17% of all esophagectomies
performed in the Netherlands in 2015 to 2016, and they reported similar population
characteristics as those described for the national population. 4 Furthermore, except
for some variation in the frequency and type of routine vital signs measurement, the
overall clinical routines and escalation protocols were largely comparable between
centers. Therefore, it is likely that the research sample is representative of the situation
in the Netherlands. Although we conducted a limited number of interviews, viewpoints
of participants or themes that were described by participants did not vary considerably
within or between centers or between nurses and surgeons. In addition, as no new
themes emerged from the interviews of the last included participants, sufficient
saturation was assumed. Still, since the patient population and clinical routines may
differ in other centers or countries, careful translation of findings for other settings is
required.

Implications

As our study reflects that caregivers see opportunities to improve postoperative
care after esophagectomy using wireless continuous vital signs monitoring, future
studies that verify this potential in a ward setting are encouraged. By explicating
factors that define the need for and ability of early complication recognition, current
results may guide stepwise investigation of the effective time gain and corresponding
clinical and economic effects of various monitoring strategies. As such, the optimal
implementation of continuous wireless vital signs monitoring can be further evaluated
as the technology matures.
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Conclusions

Despite routine monitoring, identification of postoperative complications in patients
undergoing esophagectomy admitted to the ward may be delayed due to limited
frequency and diagnostic value of diagnostic measurements and the variable
experience and skills of clinical staff. Surgeons and nurses expect that continuous
vital signs monitoring by means of emerging wearable sensor technology would
provide opportunities for early detection of clinical deterioration, which could promote
rapid complication treatment. However, the effective time gain and impact on clinical
outcome are yet uncertain and depend on patient and situational factors. Further
investigation of the overall benefits and risks and optimal implementation of continuous
vital signs monitoring is desired as technology matures.
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APPENDICES

Appendix 1: Interview guide

Instruction

The interview scheme describes main interview topics and corresponding question

topics. The introduction of topics or visual aids is described in italic. The checkboxes (o)

list items that should be discussed with each participant as part of the topic exploration.
If these items were not addressed by participants themselves as response to the open
question, these were introduced later by the interviewer.

The interviewer should introduce main topics and the corresponding visual aids in the
order as described. The sequence of questions within main topics can be changed,

and questions for emerging topic can be added. Rephrasing of questions and probing

can be used to encourage detailed answering.

Main topic

Topics of questions

Participants' background

Current monitoring routine

Introduction of interview goals and set-up
Participant's position in hospital
Years of working experience

Introduction of scope: participants undergoing esophagectomy
admitted to ward.

Introduction of common types of routine measurements: visual aid 1
Type and frequency of measurements in patient monitoring routine in
clinical ward

Subjective nurse observation

Physician round

Physical examination

Vital signs

Lab tests

Medical imaging

Situations where monitoring routine is performed differently

First actions in case of abnormalities

Involve other caregivers

Additional diagnostic actions

Emergency intervention team
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Main topic

Topics of questions

Early recognition of
complications

Effectiveness of continuous
vital signs monitoring

Impact on clinical outcome

Order of presentation of abnormalities during complication
development: pneumonia + anastomotic leak

Subjective nurse observation

Physician round

Physical examination

Vital signs

Lab tests

Medical imaging

Ability to detect complications in early phase in current practice
Factors influencing the time to detect complications
Measurement type

Care professionals

Consequences of late detection of complications

Patient outcome

Clinical trajectory of patient

Introduction of theoretical mechanism of patient monitoring: visual aid 2
Introduction of telemonitoring concept: visual aid 3

Expectation: continuous monitoring will lead to earlier detection of
deterioration: pneumonia + anastomotic leak

Factors influencing or explaining the expected possibility to improve
the time to detect of complications by introducing continuous
monitoring

Expected time gain in detection of complications

Complication types that can be detected earlier using continuous
monitoring

Expectation: the expected time gain to detect complication will lead
to earlier treatment: pneumonia + anastomotic leak

Factors influencing or explaining the expected possibility to improve
time to treat complications by introducing continuous monitoring
Prerequisites for early detection and treatment

Care protocol

Tasks and responsibilities of care professionals

Introduction of demographic data and clinical outcome data of
hospital: patient data handout®

Expectation: the expected time gain to detect and treat complications
will improve clinical outcome: pneumonia + anastomotic leak

Length of hospital stay

Length of ICU/MCU stay

ICU/MCU readmission rate

Mortality rate

Factors influencing the possibility to improve clinical outcome by
introducing continuous monitoring
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Main topic

Topics of questions

Considerations for
implementation

Risks and benefits for stakeholders:

Patient

Nurse

Physician

Hospital

Health insurance company

Overall interest to implement continuous monitoring in ward
Patient where continuous monitoring would be indicated
Factors influencing the overall interest in continuous monitoring

" Handout with data of the population characteristics, complication rates, and clinical outcome
measures for all patients that underwent elective esophagectomy for non-recurrent esophageal
cancer between January 2015 and December 2016. Only data obtained in the participant's hospital is

shown to the participant.
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Visual aids
Visual aid 1. Visual aid used to support identification of measurements performed in

current patient monitoring routine

Subjective nurse Doctor visit Physical
observation examination

8 ® :
O ® 2=

Vital signs / Medical imaging Laboratory tests
(M)EWS
[

A @ A

Visual aid 2. Visual aid to clarify the theoretical mechanism of patient monitoring

Care team

i

Protocol

Measurements Actign Effect

A2 %3 ¢

Treatment Outcome

Complication: ——y Recognition —__
deterioration

A e ¢, oo
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Visual aid 3. Visual aid to clarify concept of continuous vital signs monitoring

Heart rate
Respiratory frequency
Temperature
SpO2

3y

4 )

Continuous
Vital sign trends

adl

d Y,

\_
( Continuous \

‘Early warning score’

A
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Appendix 2: Baseline characteristics of patient population undergoing esophagectomy

Population characteristic Classification Result
Number of patients N.A. 280
Male N.A. 224 (80%)
Age at time of surgery (years) N.A. 64 (8.6)
BMI (kg /m2) N.A. 25.8(4.1)
ASA classification | 36 (12.9%)
Il 189 (67.5%)
i 55 (19.6%)
Comorbidities Any comorbidity 203 (72.5%)
Cardiac comorbidity 56 (23.9%)

Surgery type

Surgical approach

Anastomosis location

Neoadjuvant therapy

Peroperative complication

Postoperative complication

(within 30 days after surgery)

Vascular comorbidity
Pulmonal comorbidity
Diabetes comorbidity
Urological comorbidity
Thrombo-embolic history
Open
Minimally-invasive
Transhiatal
Transthoracic

Cervical

Thoracic
Chemotherapy
Chemoradiotherapy
Radiotherapy

No therapy

N.A.

Pneumonia

Anastomotic leak
Other complication

No complication

108 (46.2%)
64 (27.4%)
34 (14.5%)
23(9.8%)

12 (5.1%)
19 (6.8%)

261 (93.2%)
15 (5.4%)

265 (94.6%)
118 (42.1%)
162 (57.9%)

8(3.0%)
247 (92.9%)
1(0.4%)
24 (8.6%)
13 (4.6%)
90 (32.1)

62 (22.1)
122 (43.6)
85(30.4)

Baseline characteristics of patient population undergoing esophagectomy?

Values reflect the number of patients (% of total) or mean value (standard deviation). N.A.: not applicable;
ASA: American Society of Anesthesiologists.
*Pooled population characteristics of patients undergoing elective esophagectomy between 2015 and
2016 in one of the three centers participating in this study.
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L VAT

Appendix 3: (Continued) Figure 1. Number of new themes that was elicited during context analysis in
order of expert inclusion

40 1
=
4 30 1
g
Q
<
=
204
10 1
2 4 6 8 10 12
Experts, n

Appendix 4: Typical order of early signs observed for pneumonia and anastomotic leak

Pneumonia
o
O Subjective nurse observation

v O Vital signs
='_ & Physical examination
13 = B Lab tests
% <+ B Medical imaging
i

3]

o

First presentation Second presentation  Third presentation
Anastomotic leak
o
O Subjective nurse observation

oo O Vital signs
;'_ & Physical examination
1% @ B Lab tests
% <+ B Medical imaging
]

3]

o

First presentation Second presentation ~ Third presentation

Overview of the amount of participants (out of 12) that described that pneumonia or anastomotic leak
is typically observed in the given routine measurement as first, second, or last sign of deterioration.
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ABSTRACT

Objective
To determine feasibility, in terms of acceptability and system fidelity, of continuous
vital signs monitoring in abdominal surgery patients on a general ward.

Design
Observational cohort study.

Setting
Tertiary teaching hospital.

Participants
Postoperative abdominal surgical patients (n=30) and nurses (n=23).

Interventions

Patients were continuously monitored with the SensiumVitals wearable device until
discharge in addition to usual care, which is intermittent Modified Early \¥arning Score
measurements. Heart rate, respiratory rate and axillary temperature were monitored
every 2min. Values and trends were visualised and alerts sent to the nurses.

Outcomes
System fidelity was measured by analysis of the monitoring data. Acceptability by
patients and nurses was assessed using questionnaires.

Results

Thirty patients were monitored for a median duration of 81hours (IQR 47-143) per
patient, resulting in 115217 measurements per parameter. In total, 19% (n-21311) of heart
rate, 51% (n-59184) of respiratory rate and 9% of temperature measurements showed
artefacts (n=10269). The system algorithm sent g72 alerts (median alert rate of 4.5 per
patient per day), of which 90.3% (n=-878) were system alerts and 9.7% (n-94) were vital
sign alerts. 35% (n=33) of vital sign alerts were true positives. 93% (n-25) of patients rated
the patch as comfortable, 67% (n-18) felt safer and 89% (n-24) would like to wear it next
time in the hospital. Nurses were neutral about usefulness, with a median score of 3.5
(IQR 3.1-4) on a 7-point Likert scale, ease of use 3.7 (IQR 3.2-4.8) and satisfaction 3.7
(IQR 3.2-4.8), but agreed on ease of learning at 5.0 (IQR 4.0-5.8). Neutral scores were
mostly related to the perceived limited fidelity of the system.
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Conclusions

Continuous monitoring of vital signs with a wearable device was well accepted by
patients. Nurses' ratings were highly variable, resulting in on average neutral attitude
towards remote monitoring. Our result