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Abstract

Objective: The purpose of this study was to evaluate the accuracy and reliability of neoGuard in comparison to a conventional
bedside monitor on patients in a low-resource clinical setting.

Design: This was a single-arm methods comparison study involving the use of a wearable vital signs monitor (neoGuard™)
versus a conventional bedside monitor (Edan iM8).

Setting: The study was conducted at Jinja Regional Referral Hospital, a tertiary care hospital situated in Eastern Uganda.

Participants: Thirty patients (10 male, 20 female) were enrolled from the adult recovery ward at |JRRH. Participants were
eligible for the study if they were at least 18 years of age, had 2 sets of normal vital sign measurements obtained 1 h
apart, and were able and willing to provide informed consent.

Main Outcome and Measures: The primary outcome measures were (i) bias (mean deviation) and (ii) limits of agreement
[95% CI]. Bland-Altman plots were generated to illustrate the level of agreement between the neoGuard™ technology and
the Edan iM8 monitor.

Results: Bland-Altman analysis was performed for 24 participants; datasets from six participants were excluded due to miss-
ing or invalid measurements. Findings showed a moderate level of agreement for measurement of Sp0,, PR, and RR, with
>80% of subject means falling within the predefined acceptability limits. However, there was also notable variation in accur-
acy between subjects, with large standard deviations observed for measurement of all four parameters. While the level of
agreement for measurement of temperature was low, this is partly explained by limitations in the comparison method.
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Introduction

Continuous vital signs monitoring is a basic tenet of specia-
lized care in the developed world, but has limited availabil-
ity in clinical care settings in most low-and-middle income
countries. Despite the positive outcomes associated with
continuous vital signs monitoring, including early detection
of complications, lower complication rates, shorter length
of stay in hospital, and a reduced risk of severe complications
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and mortality,"? the prohibitive costs of conventional

patient monitors and the difficulty in maintaining complex
medical equipment® limit its utilization in resource-
constrained settings. Medical practitioners in these settings
instead rely on intermittent vital signs monitoring, a prac-
tice that is more likely to yield suboptimal patient outcomes
as it leaves greater room for missed detection of early
warning scores of patients in distress. Research shows
that delays in recognizing clinical deterioration can
prevent clinicians from providing more timely and effective
interventions, leading to a higher risk of complications and
failure-to-rescue.*®

In recent years, advancements in technology have given
rise to the continuous evolution of wearable health devices
(WHDs) with potential application for both personal health
tracking and clinical monitoring.” In addition to being more
affordable than traditional bedside counterparts, other key
features that are drawing more health providers to WHDs
include: wireless mobility; interactivity and intelligence;
sustainability and durability; simple operation and miniatur-
ization; and of course, wearability and portability.® With a
growing list of technologies that fit this bill, it is not surpris-
ing that the global health care industry has shown consider-
able interest in adopting wearable devices in clinical
settings.

Presently, there are several wearables that have received
Conformite Européenne (CE) mark and/or United States
Food and Drug Administration (FDA) clearance, including
ViSi Mobile® (Sotera Wireless, San Diego, CA, USA),
VitalPatch® (Vital Connect, San Jose, CA, USA) and
Sensium® vitals patch (The Surgical Company, Oxford,
United Kingdom (UK)). These devices are supported by
data that suggests that WHDs perform optimally in hospital
settings, have the potential to improve the timely detection
of early warning scores, and are positively received by both
clinical staff and patients.” '

A recent addition to the growing list of WHDs approved
for hospital use is the neoGuard™ technology (Neopenda,
PBC, Chicago, IL, USA); a wireless vital signs monitor that
continuously measures four parameters: pulse rate (PR),
respiratory rate (RR), peripheral oxygen saturation
(Sp0O»), and temperature. The wearable device is worn on
the patient’s forehead and wirelessly transmits real-time
measurements to a central monitoring application (visible
on a tablet) via Bluetooth Low Energy® (Figure 1).
Health care staff are able to simultaneously monitor up to
15 patients wearing the devices from just one tablet and
receive immediate alerts when a vital sign measurement
exceeds the preset alarm limits, an action that can trigger
a timely intervention to a patient’s changing status.

In 2021, the neoGuard™ technology received CE mark
clearance and has subsequently been introduced to health
facilities in Uganda, Kenya, Tanzania, and Nigeria. This
study is among the first to examine the performance of
the neoGuard™ technology in hospitalized patients in a

low-resource setting. The primary objective was to
measure the level of agreement between the neoGuard™
technology and a conventional bedside monitor, Edan
iM8 (Edan, Shenzen, China). The secondary objectives
were to evaluate the reliability and feasibility of a wearable
sensor attached to the patient’s forehead.

Methods and materials

Study design and setting

This was a single-arm methods comparison study involving
a wearable vital signs monitor attached to the patient’s fore-
head (neoGuard™) and a conventional bedside monitor
(Edan iM8) connected to the patient via 5-lead Electro
Cardio Gram (ECG) electrodes, an axillary temperature
probe, and a pulse oximetry finger sensor. The Edan iM8
monitor and neoGuard™ devices used in this study were
obtained specifically for research purposes. The Edan iM8
was chosen as a comparison monitor because Edan is one
of the most common brands of patient monitors available
in this market and the iM8 model measures all the same
parameters as the neoGuard™ technology.

The study was conducted over a 4-week period at Jinja
Regional Referral Hospital (JRRH), a tertiary care hospital
situated in Jinja Town in Eastern Uganda. The recovery
ward was specifically chosen for selection of study partici-
pants because it admits low-acuity patients. Data collection
was completed in February 2021.

Study population

A total of 30 consecutive patients were screened from the
adult recovery ward and invited to participate in the
study. To be eligible for the study, participants met the fol-
lowing inclusion criteria: at least 18 years of age, had two
sets of normal vital sign measurements obtained 1 h apart,
and were able and willing to provide informed consent.
Participants were excluded from the study if they had
been admitted for management of a thyroid condition, pre-
eclampsia, or eclampsia, as these conditions are character-
ized by sudden changes in vital signs. All 30 participants
approached expressed interest in participating in the study
and provided written informed consent. The study partici-
pants included 10 male patients and 20 female patients.

Study procedures

Study participants were sampled consecutively by study
nurses during routine admissions. If a patient expressed
interest in participating in the study after the study objec-
tives and procedures had been explained to them, a study
physician was notified to perform a screening exam to
confirm participant eligibility. Upon confirmation of eligi-
bility and obtaining informed consent, a study nurse
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Figure 1. The neoGuard vital signs monitoring system.

enrolled the patient into the study by assigning a unique
participant ID and administering a short demographic ques-
tionnaire. The study nurse then retrieved one neoGuard™
device from storage and affixed it to the patient’s forehead.
Simultaneously, the patient was connected to the Edan iM8
bedside monitor via 5-lead ECG electrodes, an axillary tem-
perature probe, and a pulse oximeter finger sensor.

For each participant, the neoGuard™ device and Edan
iM8 monitor were left to log vital sign measurements con-
currently for a 30-min observation period. At the end of the
observation period, data logs were extracted from the
system memory and saved to an external hard drive.
Since this was an accuracy validation study, vital sign
data collected during study procedures were not used to
influence patient care. However, research personnel were
instructed to immediately halt study procedures and notify
the attending health staff if the observed vital sign readings
prompted any patient safety concerns. No such incident
occurred during the study.

Outcome measures

The primary outcome measures were (i) measurement bias
(mean deviation) and (ii) limits of agreement (LOA) [95%
CI] for measurement of SpO,, PR, RR, and temperature.
Bland-Altman plots were also generated to illustrate the
level of agreement between the neoGuard™ technology
and the Edan iM8 monitor for all four parameters.

Two secondary measures were used to describe the reliability
of neoGuard™": (i) the proportion of participants with adequate
signal quality to obtain measurements for the neoGuard™
device and the (ii) the overall percentage of data points excluded
due to artifacts (missing or invalid measurements).

Statistical analysis

Applying Lu et al.’s method for sample size estimation for
Bland-Altman analysis,'> we pre-specified the expected/
target value for each vital sign parameter and determined
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that a minimum of 19,152 paired measurements would be
sufficient to estimate accuracy for SpO,, PR, and tempera-
ture, =0.05, f#=0.20. Similarly, we estimated that a
minimum sample size of 226 paired measurements
would be sufficient to estimate accuracy for RR, a=0.05,
£=0.20.

For practical significance, we collected 30 min of data
from 30 participants, to allow for ample stabilization of
readings and mitigate any data collection missed due to
unexpected technical or physical interruptions, such as the
device falling off the patient or delayed connectivity
between the device and the central monitor. Participant
characteristics including age, sex, ethnicity, and clinical dis-
position were summarized using descriptive statistics.

Vital sign log files from the neoGuard™ and Edan iM8
monitors were extracted and copied to Excel for pre-
processing. Pre-processing involved linking data points
by their timestamps, checking for incomplete and invalid
measurements. Missing and invalid data were excluded
from analysis.

Pre-processed files were pooled into a single dataset and
loaded to MedCal statistical software where we applied the
Bland-Altman approach for evaluating agreement between

Table 1. Summary statistics for Bland-Altman plots for
measurement of Sp02, PR, RR and temperature.

Expected values

Bias 0.0 0.0 0.0 0.0

Total SD 2.0 3.0 3.0 0.25

Upper 4.0 6.0 7.0 0.50
LOA

Lower —4.0 —6.0 -7.0 —0.50
LOA

Actual values

Bias 1.73 0.56 0.90 0.06

Total SD 2.44 5.18 6.34 0.70

Upper 6.51 [5.61, 10.71 [9.98, 13.33 1.44 [1.17,
LOA 7.85] 11.57] [11.42, 1.84]
[95% 16.04]
(d]|

Lower —3.06 —9.58 —11.53 -1.32
LOA [—&.60, [—10.45, [—14.24, [-1.72,
[95% —2.15] —8.86] —9.62] —1.06]
(d]|

two methods of clinical measurement, correcting for the
multiple measurements per individual subject.'® For each
vital sign, the measurement bias was obtained by averaging
the pair-wise differences of data points, while the upper and
lower LOA were calculated using the formula:

LOA = Bias + 1.96*total SD.

The expected/target or predefined values for LOA that we
aimed to achieve were based on the acceptable clinical stan-
dards and the anticipated limitations of field testing. For
SpO,, we aimed to obtain a predefined LOA < +4%; for
PR, a predefined LOA <+ 6 beats per minute (bpm), for
RR, a predefined LOA <+ 7 breaths per minute (brpm);
and for temperature, a predefined LOA <+0.5°C
(Table 1).

Results

Participant characteristics

A total of 30 participants (10 males and 20 females) met the
inclusion criteria and were enrolled in the study. The
median (IQR) age for male participants was 49 (35-53),
while the median age for female participants was 27 (23—
32). All study participants were of African ethnicity and
determined to be clinically stable on examination.

Missing and invalid data

Comparison readings for SpO,, PR, and temperature were
captured at second-to-second intervals, generating a total
of 34,296 paired measurements for SpO, and PR, and
30,034 paired measurements for temperature from 30 parti-
cipants. Comparison readings for RR were captured at
minute-to-minute intervals, generating a total of 794
paired measurements from 30 participants.

While all 30 participants completed the study proce-
dures, Bland-Altman analysis was only performed for 24
participants, as neoGuard™ readings from 6 participants
(1 male and 5 females) were excluded due to unstable
signal quality characterized by low red light absorption
levels (<400,000) and a high percentage of missing or
invalid measurements. The proportion of data points
excluded due to missing or invalid measurements was:
3709/34296 (10.8%) for SpO,, 3482/34296 (14.3%) for
PR, 4018/30034 (13.4%) for temperature and 88/794
(11.1%) for respiratory rate. Overall, we generated approxi-
mately 10 h of performance data for analysis.

Bland-Altman analysis

The Bland-Altman plots in Figures 2 to 5 show the disper-
sion of pair-wise differences (y-axis) plotted against corre-
sponding pair-wise means (x-axis) for each vital sign.
Figure 2 shows that there was moderate agreement for
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Figure 2. Bland-Altman plot for comparison of neoGuard (Sp02n) and Edan iM8 (Sp02e) oxygen saturation readings.

SpO; readings, with a measurement bias of 1.73 and 87.5%
of the subject means falling within the predefined LOA
(+4%). Figure 3 shows that there was moderate agreement
for PR readings, with a measurement bias of 0.56 and 100%
of subject means falling within the predefined LOA (+6
bpm). Figure 4 shows that there was moderate agreement
for RR readings, with a measurement bias of 1.2 and 80%
of the subject means falling within the predefined LOA
(7 brpm). Figure 5 shows that there was low agreement
for temperature readings, with a mean deviation of 0.06
and 52% of subject means falling within the predefined
LOA (£0.5 °C).

While all four figures depict that majority of the
subject means were concentrated within the predefined
LOA (green solid lines), they also indicate that the
actual LOA (red dashed lines) and corresponding 95%
CI (blue perpendicular bars) were considerably wider
than the predefined LOA. This is further illustrated in
Table 1, which shows the difference between expected
(predefined) inputs and actual (observed) inputs for the
Bland-Altman plots.

Reliability

The neoGuard™ device was able to detect an optimal
signal quality to transmit stable readings for 24/30
(80%) of the study participants. Potential explanations
for the low signal quality observed in the remaining 6/
30 (20%) of participants include: improper sensor place-
ment, subject movement, skin pigmentation, sweatiness
at the placement site or low blood perfusion, but the

extent to which each factor may have contributed to the
low signal quality cannot be quantified from the data
available.

For the six subjects with low signal quality, the total
number of data points observed to be missing or invalid
were recorded. The total proportion of unreliable read-
ings (defined as missing or invalid due to low signal
quality) from these six subjects was: 3709/34296
(10.8%) for SpO,, 3482/34296 (10.2%) for PR, 4018/
30034 (13.4%) for temperature, and 88/794 (11.1%)
for RR.

Discussion

While the idea of adopting WHDs in clinical settings is
steadily gaining traction, there remain notable implementa-
tion challenges including limited accuracy and reliability, as
well as mixed perceptions of usability, acceptability, and
patient preferences.

With regard to accuracy and reliability of vital sign
measurement, this study demonstrated that the overall per-
formance of neoGuard™ is very promising, but presently
less optimal than desired due to the high level of variability
between subjects. Similar studies on other wearable vital
sign monitors have noted comparable challenges during
field testing and early adoption of WHDs, specifically, the
limited capacity to distinguish between true physiological
changes and patient-based artifacts like motion.'”' This
is a prominent concern because it can lead to over-detection
of mostly benign vital sign changes or false positives which
can create a feeling of burnout for nurses and clinicians who
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Figure &. Bland-Altman plot for comparison of neoGuard (RRn) and Edan iM8 (RRe) respiratory rate readings.

are constantly responding to invalid vital sign alarms, an and abdomen may be more suited for placement of wear-
experience known as alarm fatigue.? able devices since they tend to display more subtle and

One approach to minimizing the impact of motion arti- less frequent movements. In the present study, a wearable
facts is to design wearables for body parts other than the vital sign device attached to the forehead demonstrated a
fingers, wrists, or arms. Body parts like the head, chest, moderate level of accuracy and reliability against a
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Figure 5. Bland-Altman plot for comparison of neoGuard (TEMPn) and Edan iM8 (TEMPe) temperature readings.

conventional bedside monitor; however, substantial motion
artifacts and inadequate signal quality for 6/30 (20%) of
study participants were still observed.

Based on the results of this and other field studies, the
accuracy and reliability of neoGuard™ readings are under-
going optimization. One area of advancement is the
“smoothness” of the readings. Users reported that
neoGuard readings fluctuate much more than that of other
conventional monitors; this variability is apparent in these
results and is due to the responsiveness of the algorithms
to sensor inputs and new algorithm outputs every second.
An adaptive smoothing algorithm will be added to the
pulse rate and respiration rate readings in order to filter
out aberrant outputs and provide a smoother, averaged
reading. Advanced methods for improving resistance to
motion artifacts shall also be investigated, such as utiliza-
tion of accelerometer sensors to filter out movements
from the sensor signal.

In light of the Coronavirus Disease 2019 (COVID-19)
pandemic, researchers have also highlighted key concerns
regarding the effect of skin pigmentation on pulse oximeter
accuracy. As pulse oximetry relies on optical measure-
ments, it has been suggested that accuracy may be
decreased in darker skin patients.”>>’ The FDA issued a
safety communication in 2021 highlighting the concern of
potential inaccuracies of pulse oximeters in darker skin
patients, and the need for further evaluation of the relation-
ship between accuracy and skin pigmentation.”® The FDA
provides guidance that at least 15% of the subjects tested

during a desaturation study for accuracy validation for
SpO, should have dark skin. In the present study, 100%
of patients tested had dark skin; further evaluation of
neoGuard™ performance on dark skin patients is war-
ranted and will help generate additional data to optimize
neoGuard™ performance in this population.

Despite the current limitations with WHDs, there
remains a critical gap in continuous vital sign monitoring
for patients in low resource settings. Moreover, nurses
and clinicians who are the primary end-user of these pro-
ducts have shown a willingness to try out less conventional
medical equipment and an eagerness to share feedback on
the technological features and performance issues that can
be improved on to make WHDs more attractive and accept-
able to them. This response should therefore encourage
innovators and researchers to continue making new
strides towards realizing more feasible, accurate, reliable,
and sustainable vital sign monitoring solutions for resource-
constrained settings.

Study limitations

The study had some limitations.

1. The sample of participants consisted of only clinically
stable adult patients whose vital signs were within clin-
ically acceptable ranges. This limits the generalizability
of these findings. Further research on other patient
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subpopulations like newborns and pediatrics or those
with a high acuity clinical status is needed.

2. Ambient temperature and placement of temperature
sensors on different body parts (e.g. chest vs forehead)
can have a significant effect on observed temperature
readings. This makes it very difficult to accurately
assess the performance of temperature sensors outside
of a controlled lab setting and may partly explain the
low agreement for temperature readings.

3. Due to practical limitations and ethical considerations,
researchers opted to use a commercially available
bedside monitor as opposed to the same clinical valid-
ation instruments that were used to establish the
expected accuracy of neoGuard™ prior to CE mark

clearance. For instance, oximetry was previously vali-

dated against arterial blood gas (ABG) analysis in
healthy participants. However, since ABG analysis

would have required repeated blood draws from a

small sample of recovering patients, researchers opted

for a less robust, but less invasive comparison method
that would render the least discomfort to this group.

Study strengths
The study also had several strengths.

1. Measurement error was minimized by capturing vital
sign readings from digital data logs, as opposed to
having vital sign readings manually recorded by the
study nurses.

2. The study sample consisted of dark-skinned participants
of African ethnicity. Due to the concerns that other
researchers have raised regarding the effects of skin pig-
mentation on the accuracy of pulse oximetry, this is a
relevant subpopulation to focus on when evaluating
the performance of clinical measurement tools that
rely on optical sensors.

3. The research team was able to collect a large enough
sample of data to generate precise estimates of variabil-
ity both within and between subjects.

4. All data collection was observed by a research assistant
who was trained to identify and limit the occurrence of
user-based errors.

Conclusion

While the neoGuard™ device had successfully completed
clinical accuracy validation studies required for CE Mark
regulatory approval, it is typical for performance in the
field to vary from the clinical accuracy validation due to
the introduction of new variables (patient movement, envir-
onmental conditions, device placement, diversity of sub-
jects, diversity of users, etc.). It is an important objective
of post-market clinical research studies such as this to
monitor product performance in new environments and

use cases, and collect data regarding deviations from
laboratory accuracy results so that the product can be
improved.

In theory, a wearable device connected to the forehead
may be ideal for minimizing motion artifacts, but this
design choice should be balanced with practical considera-
tions such as user acceptability and patient preferences.
Further modifications and additional research on the
neoGuard™ solution are ongoing.

Acknowledgements: Our sincere appreciation to the Jinja
Regional Referral Hospital administration, and the amazing
medical team that worked on this project: Dr Margaret
Namisango, Dr Solomon Emotu, Joyce Agwang, Martha Abalo,
Lydia Kibone, and Elizabeth Ssekiboobo. We would also like to
thank our advisory committee, Dr Joe Llewellyn, Dr Katherine
Reuther, and Dr Yvonne Vaucher, for their insightful feedback
and guidance during the development of this manuscript.

Conflict of interests: The authors declared the following
potential conflicts of interest with respect to the research,
authorship, and/or publication of this article: The research
efforts discussed here have been conducted in collaboration with
the innovators of the neoGuard™ technology, Ms Sona Shah
and Ms Teresa Cauvel. Sona Shah and Teresa Cauvel own the
patent to the neoGuard™ product and are the founders of
Neopenda, PBC. Sona Shah, Teresa Cauvel, and Assumpta
Nantume are employees of Neopenda, PBC, the manufacturer of
the neoGuard™ technology. All other authors have no
competing interests to declare.

Contributorship: All authors were involved in the study design,
data analysis, and revision of the manuscript. All authors read
and approved the final manuscript. Assumpta Nantume is the
lead author and manuscript’s guarantor.

Data availability: The data that support the findings of this study
are readily available on request from the corresponding author.

Ethical approval: The study was reviewed and approved by the
Makerere University School of Public Health Higher Degrees
Research Ethics Committee (HDREC) (ethics approval number
—910; ethics approval date—4/12/2020) and the Uganda
National Council of Science and Technology (UNCST) (ethics
approval number—HS733ES; ethics approval date—22/01/2021).

Funding: The authors disclosed receipt of the following financial
support for the research, authorship, and/or publication of this
article: Neopenda has received support from the Efficiency for
Access (EforA) Research & Development Fund (RDO0002).
EforA is supported by UK aid and the IKEA Foundation. The
study sponsors had no role in the planning, design, execution,
analysis, or reporting of this study. All the researchers on this
study affirm their independence from the funders.

Guarantor: Assumpta Nantume.




Nantume et al.

ORCID iD: Assumpta Nantume

https:/orcid.org/0000-0002-

6700-9443

Reporting checklists and recommended guidelines: The
authors have followed the best guidelines available from the
literature on reporting of method comparison studies. No
relevant reporting checklist is currently available on the Equator
Network.

Transparency statement: The lead author affirms that this
manuscript is an honest, accurate, and transparent account of the
study being reported; that no important aspects of the study
have been omitted; and that any discrepancies from the study as
planned have been explained.

References

1.

10.

11.

Sun L, Joshi M, Khan SN, et al. Clinical impact of multi-
parameter continuous non-invasive monitoring in hospital
wards: a systematic review and meta-analysis. J R Soc Med
2020; 113: 217-224.

. Downey CL, Chapman S, Randell R, et al. The impact of con-

tinuous versus intermittent vital signs monitoring in hospitals:
a systematic review and narrative synthesis. Int J Nurs Stud
2018; 84: 19-27.

. Compton B, Barash DM, Farrington J, et al. Access to

medical devices in low-income countries: addressing sus-
tainability challenges in medical device donations. NAM
Perspectives. Discussion Paper. Washington, DC:
National Academy of Medicine, 2018. doi:10.31478/
201807a

. Vincent J-L, Einav S, Pearse R, et al. Improving detection of

patient deterioration in the general hospital ward environment.
Eur J Anaesthesiol EJA 2018; 35: 325-333.

. Cardona-Morrell M, Prgomet M, Lake R, et al. Vital signs

monitoring and nurse—patient interaction: a qualitative obser-
vational study of hospital practice. Int J Nurs Stud 2016; 56:
9-16.

. Al-Moteri M, Plummer V, Cooper S, et al. Clinical deterior-

ation of ward patients in the presence of antecedents: a sys-
tematic review and narrative synthesis. Aust Crit Care
2019; 32: 411-420.

. Lou Z, Wang L, Jiang K, et al. Reviews of wearable health-

care systems: materials, devices and system integration.
Mater Sci Eng R Rep 2020; 140: 100523.

. LuL, Zhang J, Xie Y, et al. Wearable health devices in health

care: narrative systematic review. JMIR MHealth UHealth
2020; 8: e18907.

. Weenk M, Goor Hv, Frietman B, et al. Continuous monitoring

of vital signs using wearable devices on the general ward:
pilot study. JMIR MHealth UHealth 2017; 5: €7208.

Weenk M, Koeneman M, van de Belt TH, et al. Wireless and
continuous monitoring of vital signs in patients at the general
ward. Resuscitation 2019; 136: 47-53.

Breteler MJM, Huizinga E, Loon Kv, et al. Reliability of wire-
less monitoring using a wearable patch sensor in high-risk sur-
gical patients at a step-down unit in the Netherlands: a clinical
validation study. BMJ Open 2018; 8: €020162.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Hernandez-Silveira M, Ahmed K, Ang S-S, et al. Assessment
of the feasibility of an ultra-low power, wireless digital patch
for the continuous ambulatory monitoring of vital signs. BMJ
Open 2015; 5: e006606.

Downey C, Randell R, Brown J, et al. Continuous versus
intermittent vital signs monitoring using a wearable, wireless
patch in patients admitted to surgical wards: pilot cluster rando-
mized controlled trial. J Med Internet Res 2018; 20: e10802.
Garbern SC, Mbanjumucyo G, Umuhoza C, et al. Validation
of a wearable biosensor device for vital sign monitoring in
septic emergency department patients in Rwanda. Digit
Health 2019; 5: 2055207619879349.

Lu MJ, Zhong WH, Liu YX, et al. Sample size for assessing
agreement between two methods of measurement by Bland-
Altman method. Int J Biostat. 2016; 12(2). doi:10.1515/ijb-
2015-0039

Bland JM and Altman DG. Agreement between methods of
measurement with multiple observations per individual.
J Biopharm Stat 2007; 17: 571-582.

Yilmaz T, Foster R and Hao Y. Detecting vital signs with
wearable wireless sensors. Sensors 2010; 10: 10837-10862.
Lee J, Kim M, Park H-K, et al. Motion artifact reduction in
wearable photoplethysmography based on multi-channel
sensors with multiple wavelengths. Sensors 2020; 20: 1493.
Kwon S, Kwon Y-T, Kim Y-S, et al. Skin-conformal, soft
material-enabled bioelectronic system with minimized
motion artifacts for reliable health and performance monitor-
ing of athletes. Biosens Bioelectron 2020; 151: 111981.
Mohammed S and Tashev 1. Unsupervised deep representa-
tion learning to remove motion artifacts in free-mode body
sensor networks. 2017 IEEE 14th Int Conf Wearable
Implant Body Sens Netw BSN. 2017;

Servati A, Zou L, Wang ZJ, et al. Novel flexible wearable
sensor materials and signal processing for vital sign and
human activity monitoring. Sensors 2017; 17: 1622.
Sendelbach S and Funk M. Alarm fatigue: a patient safety
concern. AACN Adv Crit Care 2013; 24: 378-386.

Bickler PE, Feiner JR and Severinghaus JW. Effects of skin
pigmentation on pulse oximeter accuracy at low saturation.
Anesthesiology 2005; 102: 715-719.

Dyer O. Pulse oximetry may underestimate hypoxaemia in
black patients, study finds. Br Med J 2020; 371: m4926.
Feiner JR, Severinghaus JW and Bickler PE. Dark skin
decreases the accuracy of pulse oximeters at low oxygen sat-
uration: the effects of oximeter probe type and gender. Anesth
Analg 2007; 105: S18-S23.

Sjoding MW, Dickson RP, Iwashyna TJ, et al. Racial bias in pulse
oximetry measurement. N Engl J Med 2020; 383: 2477-2478.
Analysis of discrepancies between pulse oximetry and arterial
oxygen saturation measurements by Race and Ethnicity and
Association With Organ Dysfunction and Mortality Emergency
Medicine JAMA Network Open JAMA Network [Internet].
[cited 2021 Dec 21]. Available from: https:/jamanetwork.com/
journals/jamanetworkopen/fullarticle/2785794

Health C for D and R. Pulse Oximeter Accuracy and
Limitations: FDA Safety Communication. FDA [Internet].
2021 Feb 19 [cited 2021 Nov 10]; Available from: https:/
www.fda.gov/medical-devices/safety-communications/pulse-
oximeter-accuracy-and-limitations-fda-safety-communication



https://orcid.org/0000-0002-6700-9443
https://orcid.org/0000-0002-6700-9443
https://orcid.org/0000-0002-6700-9443
http://doi.org/10.31478/201807a
http://doi.org/10.31478/201807a
http://doi.org/10.1515/ijb-2015-0039
http://doi.org/10.1515/ijb-2015-0039
https://jamanetwork.com/journals/jamanetworkopen/fullarticle/2785794
https://jamanetwork.com/journals/jamanetworkopen/fullarticle/2785794
https://jamanetwork.com/journals/jamanetworkopen/fullarticle/2785794
https://www.fda.gov/medical-devices/safety-communications/pulse-oximeter-accuracy-and-limitations-fda-safety-communication
https://www.fda.gov/medical-devices/safety-communications/pulse-oximeter-accuracy-and-limitations-fda-safety-communication
https://www.fda.gov/medical-devices/safety-communications/pulse-oximeter-accuracy-and-limitations-fda-safety-communication
https://www.fda.gov/medical-devices/safety-communications/pulse-oximeter-accuracy-and-limitations-fda-safety-communication

	 Introduction
	 Methods and materials
	 Study design and setting
	 Study population
	 Study procedures
	 Outcome measures
	 Statistical analysis

	 Results
	 Participant characteristics
	 Missing and invalid data
	 Bland-Altman analysis
	 Reliability

	 Discussion
	 Study limitations
	 Study strengths
	 Conclusion
	 Acknowledgements
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


