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Abstract

Objective: Critical care capabilities needed for the management of septic patients, such as continuous vital sign monitoring,

are largely unavailable in most emergency departments (EDs) in low- and middle-income country (LMIC) settings.

This study aimed to assess the feasibility and accuracy of using a wireless wearable biosensor device for continuous

vital sign monitoring in ED patients with suspected sepsis in an LMIC setting.

Methods: This was a prospective observational study of pediatric (�2 mon) and adult patients with suspected sepsis at the

Kigali University Teaching Hospital ED. Heart rate, respiratory rate and temperature measurements were continuously

recorded using a wearable biosensor device for the duration of the patients’ ED course and compared to intermittent

manually collected vital signs.

Results: A total of 42 patients had sufficient data for analysis. Mean duration of monitoring was 32.8 h per patient.

Biosensor measurements were strongly correlated with manual measurements for heart rate (r¼ 0.87, p< 0.001) and

respiratory rate (r¼ 0.75, p< 0.001), although were less strong for temperature (r¼ 0.61, p< 0.001). Mean (SD) differences

between biosensor and manual measurements were 1.2 (11.4) beats/min, 2.5 (5.5) breaths/min and 1.4 (1.0)�C. Technical or
practical feasibility issues occurred in 12 patients (28.6%) although were minor and included biosensor detachment,

connectivity problems, removal for a radiologic study or exam, and patient/parent desire to remove the device.

Conclusions: Wearable biosensor devices can be feasibly implemented and provide accurate continuous heart rate and

respiratory rate monitoring in acutely ill pediatric and adult ED patients with sepsis in an LMIC setting.
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Introduction

Sepsis is one of the leading causes of mortality world-
wide, responsible for over 5 million deaths annually, with
the vast majority of global sepsis deaths occurring in low-
and middle-income countries (LMICs).1–4 As sepsis
mortality declines in high-income countries (HICs), this
progress has yet to be translated to LMICs, where out-
comes remain far poorer due to lack of resources.1,3

Healthcare workers in LMICs often face major barriers
to implementing recommended sepsis guidelines due to
the prohibitive investments in infrastructure, material
and human resources needed to develop critical care
capabilities analogous to those in HICs.4–7

Continuous vital sign monitoring, a component of
care widely available in HICs and highly valuable for
management of septic patients, is largely unavailable in
LMIC hospitals, with vital signs often being measured
as infrequently as once per day due to human resource
constraints.8,9

Purely vital sign–driven protocols have shown
promise for reducing mortality in hypotensive intensive
care unit patients in Tanzania, and heart rate (HR)
normalization remains one of the most reliable signs
of shock resolution in children.10,11

Innovative, cost-effective methods for monitoring
critically ill patients utilizing relatively simple mobile
health and wearable technology may be pivotal for
healthcare providers in LMICs to detect early signs
of patient deterioration, better guide interventions,
and thereby save lives. Despite a growing number of
recent studies validating the use of wireless wearable
devices for a wide range of applications, prior studies
have been performed nearly exclusively in HIC settings
and in stable, ambulatory patients.12–14 There remains
a stark lack of research on the use of these devices in
LMICs and in acutely ill patients, where they may
in fact find their greatest potential.

Adequate clinical monitoring of septic patients con-
tinues to be a major challenge for healthcare providers
at the Kigali University Teaching Hospital (KUTH)
emergency department (ED) in Kigali, Rwanda with
intermittent vital sign measurements being obtained
for the majority of septic patients in the ED. The pur-
pose of this study was to assess the feasibility and accu-
racy of continuous vital sign monitoring using a wireless
wearable biosensor device in adult and pediatric ED
patients with suspected sepsis in an LMIC setting.

Materials and methods

Study design and setting

This prospective, observational study took place over
an 8-wk period from August–October 2018. KUTH is

an academic tertiary care hospital located in an urban

setting, and functions as the primary referral center in

the region. KUTH has separate adult and pediatric

EDs, with approximately 30 adult ED beds and 10 pedi-

atric ED beds. Median ED length of stay is 1 d,

although this can vary considerably due to overcrowd-

ing and boarding.15 The adult ED is separated into

zones by level of acuity: red (highest acuity), orange,
yellow, and triage. Vital signs are typically measured

two to four times per day (depending on the patients’

zone) by an ED nurse, with documentation of vital

signs in a standardized paper ED medical chart.

Study participants

All adult and pediatric patients over the age of 2 mon

(using corrected gestational age) with suspected sepsis

presenting to the KUTH ED when a research nurse

was on-site (7 a.m.–11 p.m. daily) were screened for

inclusion in the study. Exclusion criteria included his-
tory of allergy to skin adhesive, presence of an implant-

able cardiac device, and inability to give consent.

Suspected sepsis was defined as having two or more

systemic inflammatory response syndrome criteria

with suspected source of infection, and confirmation

of suspected sepsis with the patients’ treating physi-

cian.16 Verbal and written informed consent were

obtained from the patient and/or their parent/guardian

after explanation of all study procedures by the

research nurse. Child assent was also obtained for all

children over the age of 7 y. Participants and their fam-

ilies were advised that they could have the wearable

biosensor device removed at any time at their request.

Staff training and oversight

Six Rwandan ED nurses fluent in Kinyarwanda and

English with 7–18 y of clinical experience were hired

as research nurses. Research nurses underwent two

half-day training sessions in study procedures, research

ethics, use of the biosensor device monitoring system,

and standardized measurement of manual vital signs.

The research nurses were supervised by three study

physicians (GM, CU and FRT) and data collection

supervised by two study coordinators (VKS and JM)
based in Rwanda. None of the Rwanda-based study

team had prior experience in the clinical use of wear-

able devices. The biosensor devices, smartphones, tech-

nical support and data analysis were provided

by personalized physiology analytics company

physIQ, Inc. (Naperville, IL, USA). Overall study

activities were coordinated by investigators at Brown

University (Providence, RI, USA). Ethical approval

was obtained from the University of Rwanda College

of Medicine and Human Sciences Institutional Review
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Board, the KUTH Institutional Review Board and the
Rhode Island Hospital Institutional Review Board.

Wearable biosensor device monitoring system

The VitalPatch (VP; VitalConnect, San Jose, CA,
USA) was used for all study activities (Figure 1).
The VP is a wireless wearable biosensor device
approved by the United States Food and Drug
Administration for up to 5 d (120 h) of continuous
monitoring of the following measurements: skin tem-
perature, HR, HR variability, respiratory rate (RR),
body posture, fall detection, and activity. The VP is
water-resistant, flexible and disposable with dimensions
1.15� 3.6� 0.8 cm and consists of an adhesive patch
containing two electrocardiogram (ECG) electrodes, a
thermistor, zinc-air coin battery, Bluetooth transceiver
and 3-axis accelerometer. The accelerometer capabili-
ties of the VP were not evaluated in this study. The VP
was selected due to its battery life, prior use in hospi-
talized patients and the authors’ familiarity with the
device.17,18 Data from the VP was continuously trans-
mitted through Bluetooth connection to a Samsung
Galaxy J3 smartphone running physIQ’s mobile appli-
cation and subsequently transmitted from the smart-
phone via 3/4G or wireless internet connection to
secure servers managed by physIQ. The estimated
Bluetooth connection range is 10 m and the VP can
store up to 18 h of data if the connection is lost.

Study procedures

After obtaining informed consent, research nurses
cleaned the participant’s skin with an alcohol swab
and placed a biosensor device on the participant’s left
upper chest wall and connected the biosensor device to
the smartphone via Bluetooth. Smartphones were
secured using a cable lock at the ward nursing station
and intermittently removed for charging in the staff

workroom (approximately 2-h charge every 24 h).
After placement of the biosensor device, an initial set
of manual vital signs was obtained by the research
nurse. HR and RR were counted manually using
radial or carotid pulse over 1 min and RR by counting
breaths over 1 min. Although the biosensor is designed
to measure skin temperature, an assessment of correla-
tion with body temperature was undertaken using a
digital infrared tympanic thermometer obtained specif-
ically for the research study. A tympanic thermometer
was used due to ease of use, more reliable measurement
of body temperature in comparison to oral/axillary
measurements, and lack of need for associated dispos-
able materials such as thermometer probe covers. Vital
signs taken by the research nurses were measured and
documented separately in addition to the standard of
care vital signs documented by non-study ED nurses in
the standard paper ED medical chart. Research nurse
and ED nurse vital sign measurements were docu-
mented on a de-identified study case report form and
abstracted into a customized research electronic data
capture (REDCap, Vanderbilt University, USA) plat-
form. Research nurses collected vital signs according to
the standard vital sign monitoring schedule for each
patients’ ED ward location (two to four times per
day). As this was a purely observational study, vital
signs collected from the biosensor or by the research
nurses were not available for use by non-study staff to
influence clinical care; however, research staff were
instructed to notify participants’ treating providers if
they had concerns regarding participants’ safety at any
time. Research nurses obtained manual vital signs after
first documenting the time using the clock on the
phone’s locked screen (no vital sign measurements are
displayed on this screen). All ED staff physicians and
nurses were briefed on the study and instructed that
they could remove the biosensor device if it was inter-
fering with patient care at any time. Connectivity was

Figure 1. The VitalPatch (a) and display screen showing a participant’s electrocardiogram signal on a Samsung Galaxy J3 smartphone
running the physIQ mobile application (b).
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monitored in real time by research staff using remote
monitoring through the online platform, as well as
during routine checks several times per shift. The bio-
sensor device was removed by the research nurse for
performance of any radiologic studies, upon discharge
from the ED, transfer to operating room or another
ward, death, or when the battery of the biosensor
device ran out (approximately 120 h).

As the vital sign measurements obtained by the
research nurses were used as the standard to which
the biosensor vital signs were compared, an assessment
of the reliability of the measurements obtained by the
research nurses was undertaken using a sample of 12
study participants. These participants had a full set of
vital signs obtained simultaneously and independently
by two research nurses under direct observation by the
research coordinator. Each research nurse recorded
their measurements on a log book hidden from their
colleague and was immediately given to the research
coordinator for later analysis.

Statistical analysis

Participant characteristics, including age, sex, past
medical history, presumed source of sepsis, ED dispo-
sition and mortality status at ED discharge, were sum-
marized using standard descriptive statistics; results are
presented as means and standard deviations (SDs) for
continuous variables and frequencies and percentages
for categorical data.

A target sample size was calculated based on a
Pearson’s correlation coefficient effect size of 0.7
(based on data from a study using a similar biosensor
device in an Ebola treatment unit in Sierra Leone) with a
95% confidence interval (CI) width of 0.2, requiring at
least 178 vital sign measurements using standard calcu-
lations from the statistical literature.19,20 Assuming each
participant had approximately four vital sign measure-
ments during their ED course, a total of 45 patients was
required to ensure significance.

Algorithms based on the ECG waveform data were
used to generate HR and RR measurements at 1-min
intervals. The percentage of useable data from the bio-
sensor device was calculated using the duration of time
that the biosensor device was able to provide a non-
zero measurement over the duration of the partici-
pants’ entire data collection period. Useable data was
determined using an ECG signal quality index (SQI)
calculation which assesses the quality of the ECG
signal via detection of QRS complexes. The SQI
algorithm examines the distribution of samples in
15-s windows to make a determination of signal quality
from 0–100% based on statistical characteristics of the
distribution (mean, kurtosis, skewness); the window
then moves forward 5 s and repeats in order to create

a 1-min SQI based on SQIs calculated every 5 s. If the

SQI fell below 98% the 1-min data window

was rejected.
The agreement between vital sign measurements

obtained from the biosensor and those manually col-

lected by the research nurse at the same timepoint was

assessed using Pearson’s product-moment correlation

coefficient and Bland–Altman analysis. The Pearson’s

correlation coefficient was calculated over the entire

study set of recorded measurements for HR, RR and

temperature. Bland–Altman analysis was used to cal-

culate the mean difference (bias) between the two meth-

ods of measurement, which were plotted against the

difference between the measurements, and 95% limits

of agreement (�1.96 SD) calculated for HR, RR and

temperature.21 The intraclass correlation coefficient

(ICC), using a one-way random-effects model, was cal-

culated to assess the reliability between research nurse

measurements, and mean differences between observers

were calculated for each vital sign measurement.

Technical and practical feasibility issues were assessed

using a one-page questionnaire completed by the

research nurses after completion of each participant’s

study involvement. Signs of allergic reaction to the

device adhesive were monitored by the research

nurses during every vital sign measurement encounter.
A secondary aim of this study was to evaluate the

potential for continuous vital sign monitoring to iden-

tify signs indicative of clinical deterioration earlier than

standard intermittent vital signs. For this aim, the dif-

ference (in minutes) between the timepoint at which

KUTH ED nurses documented a clinically significant

vital sign abnormality (as compared to an immediately

preceding measurement within normal reference range)

and the timepoint at which the biosensor registered an

equivalent change in vital signs was calculated (see

Table 1 for the criteria used). The criteria for clinically

significant vital sign abnormalities were based on those

in commonly used early warning score systems.22–24 In

Table 1. Criteria for clinically significant abnormal heart rate or
respiratory rate.

Age

Heart rate

(beats/min)

Respiratory rate

(breaths/min)

<1 y >150 >50

1–4 y >120 >40

5–12 y >110 >30

13–17 y >100 >16

�18 y <50 or >100 <9 or >15
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order to avoid bias from transient vital sign abnormal-

ities (due to artifact or brief triggers such as pain or

patient movement), only abnormal vital signs sustained

over a continuous 5-min period were included for the

purpose of this analysis. Temperature was not assessed

in this analysis as KUTH ED patients have tempera-

ture checked less frequently than other vital signs.

All statistical analyses were conducted using Stata 14

(StataCorp, College Station, TX) and R (http://cran.r-

project.org) statistical packages.

Results

Enrollment and baseline characteristics

A total of 45 patients were enrolled in the study after

informed consent was obtained. Three participants

were excluded from further analysis as they left the

ED within 1 h of enrollment (two admitted to medical

ward, one to gynecology ward) shortly after the bio-

sensor was placed, leaving 42 patients for analysis. The

characteristics of the study population are shown in

Table 2. The mean (SD) ages of pediatric and adult

participants were 6.8 (5.1) y (range 5 mon–16 y) and

46.5 (19.6) y (range 18–87 y), respectively. ED length of

stay ranged from less than 1 h to greater than 7 d.

Vital sign measurements

A total of 254 manual vital sign measurements were

obtained by the research nurses for comparison with

those obtained from the biosensor device with a mean

of 6.1 measurements obtained per participant. A total

of 1345 h of biosensor monitoring time was recorded

with a mean of 32.8 h of data obtained per participant.

One participant had more than 120 h of data as the

participant left to go to the operating room and

returned to the ED and had two different biosensors

placed (135 h of data recorded).
A total of 191 vital sign measurements from stan-

dard ED medical charts obtained by non-study ED

nurses were documented with a mean of 4.5 measure-

ments obtained per participant. Evidence of RR esti-

mation (a common practice in busy clinical settings) by

non-study ED nurses was noted, with >50% of all

adult RR measurements documented as 20 breaths/

min (interquartile range 20–22 breaths/min) in the

paper medical charts. Similar evidence of estimation

of RR was not noted from the research nurse measure-

ments. Mean values over the study population and

stratified by age group (adult or pediatric) for HR,

RR and temperature by method of measurement are

shown in Table 3.

Table 2. Characteristics of study participants (n¼ 42).

Characteristics n (%)

Age group

Adult (�18 y) 19 (45.2)

Pediatric (<18 y) 23 (54.8)

Age (y), mean� SD (range)

All participants 24.8� 24.2 (0.41–87)

Adult (�18 y) 46.5� 19.6 (18–87)

Pediatric (<18 y) 6.8� 5.1 (0.41–16)

Sex

Male 23 (54.8)

Female 19 (45.2)

Past medical history

Hypertension 2 (4.8)

Diabetes 1 (2.4)

HIV 3 (7.1)

Tuberculosis 1 (2.4)

Malaria or other parasitic infection 2 (4.8)

Malignancy 2 (4.8)

Other 8 (19.0)

None known 24 (57.1)

Source(s) of sepsis

Respiratory 14 (33.3)

Gastrointestinal 9 (21.4)

Central nervous system 2 (4.8)

Skin or soft tissue 4 (9.5)

Genitourinary 2 (4.8)

Other source 6 (14.3)

Unknown source 8 (19.0)

Mortality

Deceased at discharge/transfer from ED 1 (2.4)

Deceased at inpatient day 7 7 (16.7)

Unknown status at day 7 3 (7.1)

ED: emergency department; HIV: human immunodeficiency virus; SD:

standard deviation.
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Accuracy of wearable biosensor device
measurements

A total of 179 sets of HR, 129 sets of RR and 192 sets of
temperature measurements were used for analysis of
agreement between vital signs from the biosensor and
those manually collected by research nurses. Correlation
between the biosensor and manual measurements was
strong for HR (r¼ 0.87, p< 0.001) and RR (r¼ 0.75,
p< 0.001). Correlation was less strong for temperature
(r¼ 0.61, p< 0.001), which was anticipated as the biosen-
sor measures skin temperature whereas the tympanic ther-
mometer measures body temperature. The mean (SD)
differences between modes of measurement were 1.2
(11.4) beats/min for HR and 2.5 (5.5) breaths/min for
RR, although had wide limits of agreement (Table 4).
Mean difference for temperature was 1.4 (1.0) �C between
biosensor skin temperature and tympanic thermometer
body temperature measurements. Scatterplots showing
biosensor measurements plotted against manual measure-
ments, and Bland–Altman plots showing mean differences
and limits of agreement are shown in Figure 2. A sensi-
tivity analysis assessing the agreement between the two
modes of measurement based on the age group (adult
or pediatric) and stratification of the pediatric cohort
into age ranges (<2 y, 2–5 y, and >5 y) was also under-
taken and is shown in Table 4.

Reliability of manual vital sign measurements

Each research nurse obtained two sets of simultaneous
vital signs for assessment of the reliability of manual

vital sign measurements with a total of 12 pairs of vital
signs for analysis (Table 5). The ICC was 0.97 (95% CI
0.90–0.99) for HR, 0.85 (95% CI 0.54–0.96) for RR
and 0.79 (95% CI 0.44–0.94) for temperature, indicat-
ing good to excellent reliability for all vital sign
measurements.

Technical and practical feasibility

There was successful transmission of 1312 h of useable
HR data (97.6% of total), and 1340 h of useable RR
data (99.6% of total). A total of 32 h of HR and 4.9 h of
RR data were not transmitted due to connectivity prob-
lem or artifact and were excluded from use in the corre-
lation analysis. Connectivity problems, in which vital
signs from the VP were not displayed on the smartphone
and/or server, were reported in eight participants. In five
participants, the biosensor was replaced after trouble-
shooting (moving the phone closer to the participant,
restarting the smartphone, reconnecting Bluetooth) did
not solve the connectivity problem; in these five partic-
ipants, once the biosensor was replaced, no further con-
nectivity problems were noted.

A single biosensor was used for the entire duration
of the participants’ study involvement for 71% of par-
ticipants. Reasons for biosensor removal or replace-
ment are shown in Table 6. Notably, one participant
(9-mon-old male) had the biosensor removed by the
treating physician in order to perform a physical
exam; after the exam the mother requested the biosen-
sor not be replaced as the removal appeared to be
uncomfortable (no skin damage or harm was noted

Table 3. Vital sign measurements in study population by method of measurement.

Research nurse Biosensor ED nurse

Mean� SD (range) Mean� SD (range) Mean� SD (range)

Heart rate (beats/min) 108.6� 22.2 (60–180) 109.4� 21.3 (33–219) 111.5� 24.6 (54–192)

Adult 96.6� 21.8 (50–160) 97.5� 20.0 (54–174) 99.2� 22.4 (61–154)

Pediatric 115.1� 20.9 (68–180) 113.1� 20.3 (32–219) 116.5� 23.8 (54–192)

Respiratory rate (breaths/min) 33.1� 10.7 (14–64) 27.0� 7.2 (10–52) 29.2� 10.5 (16–60)

Adult 29.1� 7.1 (18–48) 26.2� 7.6 (10–49) 21.6� 5.1 (16–42)

Pediatric 39.3� 11.3 (14–64) 27.2� 7.1 (10–53) 32.6� 10.5 (18–60)

Temperature (�C)a 37.4� 1.2 (32.5–41.7) 36.1� 1.2 (32–39) 37.2� 1.3 (32.7–40.2)

Adult 37.5� 1.0 (35.5–39.5) 35.9� 1.2 (33–39) 37.1� 1.0 (36–39.7)

Pediatric 37.4� 1.3 (32.5–41.7) 36.1� 1.3 (32–39) 37.2� 1.3 (32.7–40.2)

Adult: �18 y. Pediatric:<18 y.
aTemperature was measured using tympanic thermometer (research nurses), skin measurement (biosensor) and axillary thermometer (ED nurses).

ED: emergency department; SD: standard deviation.
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by the research or staff physician). In three partici-
pants, the biosensor unintentionally detached: in one
participant after the mother bathed the 5-y-old child; in
two participants, the biosensor only partially detached
but thereafter had poor data quality so was replaced.
In one participant, a possible allergic reaction was
noted (skin irritation and redness at site of the biosen-
sor adhesive). This participant had the biosensor device

in place longer than any patient (135 h) so it was
unclear if this was truly due to allergy or skin irritation
from prolonged use of the biosensor. No other adverse
events were noted.

Time to detection of clinically significant vital
sign changes

A total of nine clinically significant vital sign changes,
as determined using the pre-defined criteria, were docu-
mented in study participants’ standard ED paper
charts. Participants with initially abnormal vital signs
that remained abnormal or normalized throughout
their ED course were not included as the ability
to detect changes suggestive of clinical deterioration
(i.e. normal to abnormal) was the focus of this analysis.
The mean (SD) difference between the time when
the biosensor recorded an equivalent and sustained
measurement to that documented in the paper
chart was 331.6 (268.5) min (range 63–798 min) or
5.5 h (range 1–13.3 h).

Discussion

To the authors’ knowledge, this is the first clinical
study to evaluate the feasibility and accuracy of a wire-
less wearable device for vital sign monitoring in either
ED or pediatric patients in an LMIC setting. The
results of this study show that continuous HR and
RR measurements from a wireless wearable device
are reliable and accurate compared to those obtained
by an experienced nurse in acutely ill adult and pediat-
ric ED patients, and are highly congruent to prior stud-
ies’ findings, including those from HIC using
continuous telemetry monitors as a reference stan-
dard.25–28 In addition, clinically relevant vital sign
changes were detected by the biosensor device many
hours on average before documentation in the clinical
chart using standard vital sign monitoring. Minor tech-
nical or practical feasibility issues occurred in approx-
imately one-third of participants, and over 97% of data
from the biosensor was successfully transmitted.
Furthermore, the biosensor system proved capable of
monitoring the majority of participants for the entirety
of their ED course, and was easily implemented after a
brief training session by providers without prior expe-
rience using similar devices. Lessons learned from this
pilot study strongly support further implementation
and evaluation of such wearable systems in acutely ill
patients in LMIC settings.

Continuous monitoring of vital signs may allow for
earlier detection of clinical deterioration, and thereby
allow healthcare providers to deliver timelier interven-
tions and reduce adverse events.29–31 In this study,
continuous biosensor vital sign measurements were

Table 4. Bland–Altman analysis of vital sign measurements com-
paring manual measurements obtained by research nurses with
those obtained via the biosensor device.

Mean

difference

(bias) SD 95% LoA

Heart rate(beats/min)

All participants –1.2 11.4 (–23.6, 21.1)

Adult (all) –1.6 10.6 (–22.2, 19.1)

Pediatric (all) –1.1 11.7 (–24.1, 21.9)

<2 y –0.2 1.7 (–3.5, 3.1)

2–5 y –0.5 5.1 (–10.4, 9.4)

>5 y –1.5 14.4 (–29.7, 26.7)

Respiratory rate (breaths/min)

All participants 2.5 5.5 (–8.3, 13.4)

Adult (all) 1.1 4.8 (–8.8, 10.9)

Pediatric (all) 3.4 5.6 (–7.7, 14.4)

<2 y 3.2 4.3 (–5.2, 11.6)

2–5 y 3.2 4.6 (–5.7, 12.2)

>5 y 3.5 6.4 (–9.1, 16.0)

Temperature (�C)

All participants 1.4 1.0 (–0.6, 3.5)

Adult (all) 1.6 1.1 (–0.5, 3.7)

Pediatric (all) 1.4 1.0 (–0.6, 3.4)

<2 y 1.3 0.8 (–0.3, 2.9)

2–5 y 1.5 1.0 (–0.5, 3.5)

>5 y 1.3 1.0 (–0.7, 3.4)

LoA: limits of agreement; SD: standard deviation.
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able to detect signs of potential clinical deterioration an
average of 5.5 h earlier than standard vital sign moni-

toring; even greater gains are expected in other hospi-

tals where vital signs are measured less frequently than

at this study site.9 These findings are similar to a 2019
study in the Netherlands which showed that measure-

ments from a wearable device in a general ward

detected high modified early warning scores (MEWS)
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up to 10 h earlier than during standard nurse MEWS
measurements.27

A review of the current literature shows that only

four studies have evaluated any form of wireless wear-

able technology in LMIC settings: one pilot study (con-

ducted by two of this study’s authors) evaluating the

use of a wearable device in patients with suspected

Ebola virus disease in Sierra Leone; and three studies
in Uganda—two in a maternity ward and one in a gen-

eral medical ward.20,26,32,33 While no prior studies have

evaluated wireless wearable devices for pediatric mon-

itoring in an LMIC setting, the findings of this study

urge further investigation of these devices in pediatric

patients who constitute a large burden of critically ill

patients in LMICs. A recent study among pediatric

inpatients admitted to district-level hospitals in

Kenya found that the frequency of vital sign measure-
ments was far lower than the stated goal benchmark of

three sets of vital sign measurements in a 24-h period.34

Additionally, numerous studies have described the dif-

ficulty in obtaining reliable RR measurements, even in

the most controlled settings.35,36 As diagnosis and man-

agement of pneumonia, the leading cause of child mor-

tality worldwide, is largely based on RR in LMICs

(using Integrated Management of Childhood Illness

criteria), there is a critical need for context-
appropriate tools to accurately measure RR for chil-

dren.37–39 Further benefits of wireless wearable devices

for children include the lack of intrusive wires and the

ability for caregivers to hold and bathe young children

while monitoring is taking place. As new sensor tech-

nology for clinical applications continues to advance, it

is also important to note that non-contact sensors, such

as image-based complementary metal oxide semicon-

ductor camera infrared thermography and medical
radar systems, offer even further possibilities for

remote vital sign monitoring and reduction of nosoco-

mial infectious risks.40,41

Several technical and practical challenges existed in

implementing the biosensor device monitoring system

that were not studied systematically but which may be
relevant to future implementation of similar systems.
First, patients were at times far from the nursing sta-

tion due to the frequent use of hallway or corner spaces

Table 5. Reliability of manual vital sign measurements obtained
on participant simultaneously by two research nurses.

MDO (SD) ICC (95% CI)

Heart rate

(beats/min)

1.1 (3.9) 0.97 (95% CI 0.90–0.99)

Respiratory rate

(breaths/min)

2.1 (3.9) 0.85 (95% CI 0.54–0.96)

Temperature (�C) 0.22 (0.55) 0.79 (95% CI 0.44–0.94)

CI: confidence interval; ICC: intraclass correlation coefficient; MDO: mean

difference between observers; SD: standard deviation.

Table 6. Technical and practical feasibility of biosensor devices.

n (%)

Duration of biosensor vital sign recording

Hours of study biosensor recording 1344

Hours of biosensor recording per patient, mean

� SD (range)

32.8� 31.0

(0.5–135)

% useable data

Heart rate 97.6%

Respiratory rate 99.6%

Biosensor removed or replaced

Removed 2 (4.8)

Replaced 10 (23.8)

Neither removed nor replaced 30 (71.4)

Source of biosensor removal/replacement

Patient 1 (2.4)

Family member 1 (2.4)

Physician 1 (2.4)

Research nurse 9 (21.4)

Reasons for biosensor removal/replacement

Accidental removal/detachment 3 (7.1)

Need to perform radiologic study 2 (4.8)

Need to perform physical exam 1 (2.4)

Poor connection with smartphone 5 (11.9)

Patient preference 1 (2.4)

Connectivity problems

Yes 8 (19.0)

No 34 (81.0)

Presence of allergic reaction

Yes 1 (2.4)

No 41 (97.6)

SD: standard deviation.
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as the ED wards in KUTH are large, open rooms.
This required occasional moving of a patient and/or a
smartphone to ensure a good connection. Additionally,
due to the time difference between Rwanda and the
United States (6–7 h), troubleshooting of the biosensor
devices was largely done in the small period of over-
lapping work hours. Nearly all of the replacements
were due to poor connectivity, with a lack of vital
sign display on the smartphone (usually after a period
when the patient was temporarily out of Bluetooth
range). Later in the course of the study, it was discov-
ered that much of the data was actually still being
transmitted to the servers despite the vital signs
not immediately appearing on the smartphone.
These issues became less frequent as the study
progressed due to the research team’s increasing confi-
dence and familiarity with the biosensor devices.

The strengths of this study include its validation in
a real-world clinical setting representative of LMIC
hospitals where such devices are intended to be used.
The vast majority of prior studies evaluating wearable
devices have taken place in highly controlled laborato-
ry conditions in stable, healthy volunteers.12,14

This study’s participants had highly varying ages and
clinical acuity—including quite stable patients (often
boarding while waiting for an inpatient bed) as well
as the critically ill (including one mechanically ventilat-
ed patient)—reflecting daily clinical practice. Despite
this clinical variability, the accuracy of the biosensor
performed well even at extremes of human physiology.
Interestingly, there was closer agreement between bio-
sensor and manual HR measurements in the youngest
cohort of participants (<5 y). This was unanticipated as
extreme HR and RR measurements that are more
common in young children are often more difficult to
measure manually, and algorithms tend to be less accu-
rate at these high rates. Reasons for this are unclear
and may be due to lack of mobility (young children
were often the most ill of all study participants) or
may simply be due to their relatively small number in
the study. The findings are intriguing and warrant fur-
ther investigation. In terms of practicality and logistical
feasibility, the devices performed well in an often hectic
ED setting. Nearly all technical and logistical trouble-
shooting was done in real time by research team mem-
bers who, although had no prior biosensor experience,
used their clinical experience to develop context-
appropriate solutions to problems.

Limitations

This study is limited by using data collected from a
single large, urban medical center as well as use of a
single type of wearable device; the results therefore may
not be generalizable to all ED patients with suspected

sepsis or to other similar wearable devices. Notably, the
KUTH EDs have implemented specialist residency
training programs as well as quality improvement proj-
ects in recent years and as a result offer a high standard
of care and level of organization, which may underes-
timate logistical issues for other LMIC hospitals.42,43

Furthermore, the KUTH ED has a reliable electrical
power supply with at least one outlet per patient ward.
However, as the smartphone requires only 2 h charging
per day, this system could still be feasible even in many
lower level or rural facilities. Solar charging stations
may also present a viable option.

Accuracy of the biosensor was assessed in compar-
ison to manual measurements obtained by experienced
research nurses as a reference standard. It is possible
that the manual measurements were inaccurate as com-
pared to other reference standards, such as continuous
ECG monitoring or capnography. However, use of
such sophisticated systems was not feasible and com-
parison to manual measurements was pragmatic, as
this represents the reference standard for the great
majority of patients in LMICs. Additionally, the
assessment of research nurse measurements showed
high reliability. The measurements were weakest for
temperature, which may indicate fault with the ther-
mometer, or variations in ambient temperature in
the ward.

As the biosensor was not designed to measure body
temperature, and ambient temperatures in non-
temperature-controlled wards may vary significantly,
the biosensor cannot currently be recommended as an
accurate measurement of body temperature. However,
detection of trends in skin temperature measurement
may prove valuable, and conversion of skin tempera-
ture to body temperature may also be possible.44

There are few studies that have investigated the use
of wearable sensors for continuous temperature mea-
surement, with highly variable reports of accuracy
(mean bias ranging between 0.1 and 1.0�C).45–48

Additionally, the majority of existing studies have
been largely experimental and/or conducted with
small numbers of patients in controlled laboratory
settings; further clinical studies investigating the most
reliable methods of continuous temperature measure-
ment are needed.

Future directions

Use of continuous vital sign monitoring must balance
the ability to detect earlier signs of clinical deteriora-
tion with the potential for increased provider workload
and alarm fatigue. Novel tools incorporating machine-
learning algorithms using vital signs from wearable
devices may be used to create patient-specific early
warning systems and thereby allow providers to
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better direct scarce resources. The algorithms may fur-

ther take advantage of non-conventional vital signs,

such as HR variability, which have shown promising

potential in predicting deterioration and mortality in

septic patients.49,50 Studies investigating use of these

tools are currently being planned by this study’s authors.
Qualitative assessments of patient and provider per-

spectives on wearable technology should also be con-

ducted before large-scale implementation of similar

technology can be undertaken in any context, LMIC

or otherwise. Cost-effectiveness was not studied as part

of this pilot, and this needs to be thoroughly evaluated

prior to use of this technology in LMIC settings. Given

concerns regarding nosocomial infection transmission,

reusable devices were not used for this pilot study;

however, if these devices are intended to be used in

LMIC settings, cost-effectiveness is likely to be greatest

with reusable and sterilizable options.

Conclusion

Wearable biosensor devices can be feasibly imple-

mented and provide accurate continuous HR and RR

measurements in acutely ill pediatric and adult ED

patients with suspected sepsis in an LMIC setting.

Differences in accuracy of the devices in pediatric com-

pared to adult patients warrants further study especial-

ly in children less than 2 y. Cost-effectiveness of the use

of similar devices in these settings are needed, as well as

prospective studies evaluating the impact of biosensor

devices on improving clinical outcomes for septic and

other critically ill patients.
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