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Abstract 
Patients with severe COVID-19 disease require monitoring with pulse 
oximetry as a minimal requirement. In many low- and middle- income 
countries, this has been challenging due to lack of staff and 
equipment. Wearable pulse oximeters potentially offer an attractive 
means to address this need, due to their low cost, battery operability 
and capacity for remote monitoring.  Between July and October 2021, 
Ho Chi Minh City experienced its first major wave of SARS-CoV-2 
infection, leading to an unprecedented demand for monitoring in 
hospitalized patients. We assess the feasibility of a continuous remote 
monitoring system for patients with COVID-19 under these 
circumstances as we implemented 2 different systems using wearable 
pulse oximeter devices in a stepwise manner across 4 departments.
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          Amendments from Version 1
We have added an additional section explaining the more 
nuanced differences between the systems and in the foot note to 
the table made it clear which departments which systems were 
used.

Any further responses from the reviewers can be found at 
the end of the article

REVISED

Introduction
Monitoring peripheral oxygen saturation (SpO

2
) is an essential 

component of management of moderate or severely ill patients  
with COVID-19, enabling timely institution of treatments such 
as oxygen or mechanical ventilation. Globally, the huge number 
of cases of COVID-19 has put health systems under enormous  
strain, and even simple monitoring tasks, such as SpO

2
 obser-

vations, are challenging due to lack of equipment and trained  
staff. In many low and middle income countries (LMICs) these 
were already known to be constraints in providing critical  
care and the Hospital for Tropical Diseases Ho Chi Minh 
City, collaborating with Oxford University Clinical Research  
Unit, were already developing innovative ways of improving 
real-time monitoring of critically ill patients in the intensive 
care unit (ICU)1. Investigating the use of wearable monitor-
ing systems formed part of this strategy as, in addition to lower 
cost, the wireless connectivity, small size and battery power 
offer considerable advantages for use in a resource-limited ICU  
where power supply and overcrowding are common issues1. 
A specific multidisciplinary team had identified and tested  
wearable pulse oximeters (measuring SpO

2
) and electrocar-

diogram (ECG) devices for this purpose2. Using these selected 
wearables, previous work had demonstrated that data col-
lection is feasible and that data quality collected from these  
devices was comparable to data derived from state-of-the-art  
bedside ICU monitors, however a large-scale deployment of 
wearable monitoring devices had not been performed2. Whilst 
particularly attractive in LMICs, the potential advantages of 
cost and automated data collection are also attractive in high  
income settings where wearable monitoring has been success-
fully used in post-surgical patients, and as a basis for early  
warning scores in ICUs3,4.

The huge demand for basic monitoring (particularly of SpO
2
) 

during the COVID-19 pandemic, led to several initiatives using  
wearable monitors in healthcare settings. The majority of those 
reported have been in high-income countries and in out-patient 
settings where patients’ self-reported intermittent values from 
wearable pulse oximeters have been used as means of triage 
or to facilitate early discharge of patients with relatively mild  
disease5–7. Successful automated monitoring of ambulatory 
patients with COVID-19 has been described using a system con-
necting wearable devices via bedside android tablets to clinician  
dashboards7. Use of such systems in ICUs is more limited8,9. 
In high income settings, widespread availability of centralized  
bedside monitoring systems with wired-connectivity already 
provides staff with the means to remotely monitor patients’ vital 
signs continuously. However, in LMICs, where conventional pulse  

oximetry is often not available, simple low-cost systems have 
the potential for significantly improving patient management. 
Furthermore, implementation of pulse oximetry monitoring in 
resource-limited settings enables optimal Oxygen administration  
and has been shown to actually reduce overall Oxygen  
utilization10. Ensuring a sustainable Oxygen supply for patients 
with COVID-19 continues to be a problem in many LMICs, and 
increasing pulse oximetry monitoring capacity is integral to  
achieving this11.

At the outset of the pandemic a wearable pulse oximeter  
system was piloted in a field-hospital setting in Vietnam, using 
a screen sharing mobile application to access a bedside mobile  
device connected to a wearable pulse oximeter12 (Figure 1). 
Patients using this system were mobile and able to use this 
themselves (using the telephone for additional support).  
Following a surge in cases in Ho Chi Minh City June-August 
2021, our team responded to a local need for expansion of  
monitoring capacity by implementing this in more severely-
ill patients in high-dependency/ICU wards at the Hospital for  
Tropical Diseases. A second wearable-based pulse oximetry  
monitoring system was also implemented. This was similar in 
that it utilized a wearable pulse oximeter connected to a  
Bluetooth tablet but contained a bespoke user-interface and  
clinician dashboard capable of simultaneously displaying data 
from multiple patients. Both systems were capable of providing  
continuous SpO

2 
and heart rate measurements, accessible both at 

the bedside and remotely. 

Here we describe the implementation process at the Hospital 
for Tropical Diseases, a large infectious disease hospital,  
during the COVID-19 pandemic, highlighting the key chal-
lenges that the COVID situation presented and potential benefits  
for future care of ICU patients in LMICs.

Methods
The Hospital for Tropical Diseases is am 800-bed terti-
ary referral hospital for infectious diseases, serving southern  
Vietnam (population 40 million). The Oxford University  
Clinical Research Unit has been hosted within the hospital for 
almost 30 years, aiming to work closely with HTD improving 
outcomes from patients with infectious diseases. At the outset  
of the pandemic (January 2021) a small number of isolation  
rooms were used to treat patients with COVID-19, however as 
the pandemic progressed increasing numbers of departments 
were given over to treating COVD-19 patients. By July 2021, 
full ICU facilities were available in 6 departments (4 of which  
were included in this project). A multidisciplinary team was  
involved in the project from the outset and was comprised of  
clinicians, managers, intensive care specialists, data scientists, 
industry experts and biomedical engineers. Health systems  
scientists were subsequently incorporated into the team. At the 
outset of the project clear responsibilities of each party were  
defined, including device management, data governance and  
ownership. Key hospital stakeholders defined the basic require-
ment for monitoring systems: namely the ability to continuously 
visualise individual patients’ SpO

2
 remotely. Routine vital sign  

monitoring (intermittent manual measurements by bedside nursing 
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staff) were measured and recorded in the hospital electronic  
and paper records as normal.

Face-to-face formal meetings involving all parties were often 
impossible due to social-distancing restrictions. A central  
communication system through one or two key individuals 
was established and electronic communication though email or  
encrypted social media groups was used to keep regular updates. 
An online ‘problem’ sheet was instituted at an early phase 
to allow issues to be communicated rapidly. Many of the  
workflows occurred in parallel due to the nature of the work.

The majority of the work focussed on institution of the new  
system (System A), as this had capability for monitoring 
more patients with access to a larger number of available  
compatible monitoring devices, at a time when monitoring  
devices were in short supply. Implementation and ongoing  
development of this system was also supported by an indus-
try team. For example, the system was able to incorporate 
additional features specified by frontline workers such as a  
‘traffic-light alarm’ system and adapt the clinician dashboard  
to staff requirements. Based on these user requirements  
defined by hospital stakeholders, a minimally viable product 
was created for System A (Figure 1). This consisted of wear-
able pulse oximeters (Viatom Viatomtech, China) connected 
to a tablet in a 1-to-1 routine configuration, connected to a  
cloud server via 3G network allowing data visualization from 
all monitors on a computer screen. This system was piloted  
off-site in healthy people first then introduced into the ward  
environment where a further pilot was held using devices in 
a non-patient area. Following this, the prototype system was  
introduced into one department in a small number of patients  
following staff training.

 

 
 

 

 

 
 

 

 
 

 

 

 

 

Figure 1. Schematic representation of the monitoring systems used. Wearable pulse oximeters were connected with tablet/phones 
placed either by the bedside or nearby (outside room). These connected through either screen mirroring applications or direct wireless 
connections to enable remote viewing by medical staff in central staff workstations.
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In  addition  to  this  new  system,  the  previously-piloted 
adaptive  remote  monitoring  system  (System  B)  was  introduced 
in  one  department.  The  system,  previously  described,  con-
sisted  of  a  wearable  pulse  oximeter  (SmartCare,  SmartCare 
Analytics,  UK)  connected  to  an  android  tablet  via  a  Bluetooth 
connection  (1-to-1  configuration).  The  pulse  oximetry  read-
ings  from  several  devices  could  be  viewed  in  real-time  on  a 
remote  computer  screen  via  a  screen  mirror  application  which 
allowed  mirroring  of  multiple  devices,  although  not  simulta-
neously.  In  addition  to  this  method,  ward  staff  could  also  use 
the  departments’  close  circuit  television  (CCTV)  systems’
‘zoom  in’  function  to  view  the  bedside  tablet’s  display  of  pulse 
oximetry  output.  Thus,  although  both  System  A  and  B  were 
able  to  display  continuous  heart  rate  and  pulse  oximetry,
multiple  patient  data  could  be  viewed  using  System  A  which 
also  included  additional  alert  data  for  abnormal  values.  System 
B  however  allowed  detail  waveform  pulse  oximetry  data  to 
be   viewed   and   bedside   tablets   served   as   additional  bedside   
monitoring  displays  which  could  be  viewed  by  CCTV camera.

As  ward  staff  were  under  extreme  pressure,  responding  ‘ad  hoc’
to  technical  issues  such  as  battery  run-out  was  not  feasible,
thus  for  both  systems,  each  patient  was  allocated  two  wearable 
devices  to  allow  constant  monitoring  (one  device  active  and  one 
being  charged).  These  devices  were  changed  at  fixed  times  in 
the  day  irrespective  of  battery  levels.  Standard  infection-control 
procedures  were  employed  to  clean  devices  between  patients.
Research  team  members  were  also  directly  involved  in  the 
implementation,  supporting  these  activities.  In  addition,  routine 
vital  sign  observations  procedures  were  carried  out  as  normal 
by  clinical  staff  following  hospital  and  Vietnamese  Ministry 
of Health guidelines.
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Results
Between August 3rd and October 31st 2021, the two monitor-
ing systems were implemented in four dedicated departments for 
patients with COVID-19 at the Hospital for Tropical Diseases.  
These departments mainly received patients with severe and 
critical COVID-19 according to Vietnamese Ministry of Health  
Guidelines13, and all had ICU facilities for additional respira-
tory support (facemask oxygen, nasal oxygen, high flow nasal 
oxygen, non-invasive ventilation and invasive mechanical ven-
tilation). Table 1 shows the total number of patients admitted 
to the four departments in which wearable monitoring was  
instituted between August and October 2021.

The new system (System A) was instituted in three of the  
departments and in one (Ward D), the previously-piloted 
(System B) was implemented. The phased scale up of this is  
shown in Figure 2 and the monthly cumulative admissions  
to the four departments over the same time period. 

The initial challenges encountered were practical issues setting 
up the basic infrastructure required to deploy the wearable  

Figure 2. Figure showing stepwise scale up of wearable monitoring within hospital departments (Stacked bars). System A was 
introduced in Departments E (dark blue), AICU (grey) and A (light blue) with system B in Department D (green). Solid area represents 
cumulative new admissions to these 4 departments during the month.

systems, given the extreme clinical pressures at the time and 
limited availability of new equipment. During the set-up phase,  
the hospital completed infrastructure upgrades in several of 
the departments where the devices were deployed, for example  
ensuring oxygen supply, electric supply for equipment and 
physical infection control barriers. In parallel with this, any  
necessary hardware was installed, repurposing equipment 
such as monitors and laptop computers to reduce the need to  
purchase new equipment as much as possible. 

System A was the first system introduced, with the first patients 
monitored within four weeks from the project outset. An  
initial pilot of five sets (each two devices), able to monitor 
five patients was scaled up to increase monitoring capacity for  
20 patients within Ward E. The research team worked closely 
with the clinical team and the industry partner to troubleshoot  
technical problems as they arose. Following this phase, the  
system was introduced into two other departments: (Ward 
AICU and Ward A). System B was implemented in Ward D and  
provided capacity for 16 patients, with bedside tablets connected 
to a laptop allowing staff to remotely view monitoring data  
from outside the patient area. 

We observed that the exact use of the wearable systems varied 
according to the ward. In the Wards A, D and E, the systems  
provided continuous monitoring in for individual patients  
who would otherwise receive intermittent manual measure-
ments. In addition to using the clinician dashboard (System A), or  
laptop (System B), bedside tablets also served as equivalent 
of bedside monitors, enabling staff at the bedside to see con-
tinuous vital sign data. In AICU, where conventional bedside  
monitoring was already available, the wearables were used in 
patients in whom no remote-viewing facility was available,  
thus patients’ SpO

2
 data could also be monitored from a central  

station outside of the patient areas.

Table 1. Showing number of patients admitted  
to departments involved in the project  
August–October 2021.

Month Ward A Ward D Ward E A-ICU

August 104 126 189 37

September 72 83 107 33

October 22 75 94 13

Total 198 284 390 83
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Discussion
We have described the feasibility of implementing a wearable 
monitoring system in our hospital in a situation of exceptional 
healthcare system stress in Ho Chi Minh City, where there  
was a constant requirement for the system to respond to the 
evolving pandemic. Under these circumstances, our main aim 
was to rapidly set up a functioning system, that could comple-
ment current standard of care, using expertise and equipment  
available at the time. The urgent need for increased monitoring  
capacity meant that a ‘lean’ implementation approach was  
required – i.e. systems functioning with minimal requirements  
were introduced first and adapted over time. This was a big  
advantage in that it enabled rapid deployment and additional 
level of remote monitoring when there was a large unmet need.  
Our first wearable devices were deployed in patients in less 
than four weeks, from first conceptualization. Undoubtedly  
our teams’ previous experience and multidisciplinary expertise  
were enabling factors in achieving this, despite the new  
challenges of operating in COVID-19 context14.

As expected, challenges arose due to the novelty of the tech-
nology and speed at which it needed to be implemented. Our  
pre-pandemic experience, while useful for this, did not directly  
translate for the pandemic use. For example, support and  
technical staff were no longer easily able to access patients’ 
bedsides (or required full PPE to do so), and staff previously  
familiar with the devices had been located to other departments.

Similar to other LMICs, even outside of the pandemic, staff-
to-patient ratios in Vietnamese hospitals are significantly lower  
than generally reported in high-income settings15. Accordingly, 
staff availability for training in operation and trouble-shooting  
of new devices may be limited. In the pandemic context, the  
constantly-changing capacity and structure of the city’s healthcare  
system and the implementation of specific care pathways 
necessitated frequent staff redeployment into and out of the  
departments described herein. As a consequence, additional time  
was required to train new staff in the systems, which under  
normal circumstances would have been less. The presence of 
dedicated research staff to support the project we believe was  
vital in enabling this ongoing training and education. Notably, 
however many of these staff had been redeployed from other  
research projects.

Although the features of battery power and blue tooth con-
nectivity were attractive features for our immediate need, both 
were also aspects of the system requiring specific workflows 

to charge devices and maintain connectivity. In the UK, a 
similar wearable monitoring system was implemented in a  
high-dependency setting in a total of 59 patients between March  
and August 2020. Notably, in this context, there were signifi-
cantly more staff available (Four to five nursing staff and three 
to four doctors for 19 patients)7. Staff responded to problems 
as they arose however in our setting, regular ‘maintenance’ 
schedules were found to be more effective ways of addressing  
these issues with fewer staff available and in view of the  
rapid turnover.

A limitation of this work is the lack of detailed operational 
data to more thoroughly describe the function of the deployed  
systems, for example of patient monitoring, and number of  
devices used at any one time. In the UK example above, the  
system was already developed prior to the pandemic and data  
metrics easily taken from this. As pandemic pressures ease,  
incorporating these metrics is an important step – both techni-
cally and clinically. Similarly, usability feedback from staff  
is also now an important consideration, but at the time, formal  
evaluation was limited by staff availability to both give and  
record feedback.

Conclusion and next steps
Our project shows how important pre-existing expertise and 
infrastructure were in rapidly implementing our solution. As we,  
hopefully, face a fading pandemic, the fundamental issues of pro-
viding high-quality low-cost critical care in LMICs remain, and  
central to this is the need to provide low-cost clinical moni-
toring. We aim to direct the learning and expertise gained in 
this project towards achieving this. Whilst our efforts in this  
project were directed at a specific pandemic-related solution, nota-
bly absent was capture and analysis of monitoring data. Recent 
advances in analytics (particularly artificial intelligence/ machine 
learning) offer exciting potential for decision support systems  
based on such data, and could be used to support patient care and 
improve patient outcomes in LMICs. Designing and implement-
ing an effective monitoring solution with such capacity would 
have immense potential for care of critically ill patients in low- 
resource settings.

Data availability
Data included in this manuscript are provided by the Hospi-
tal for Tropical Diseases and are available through OUCRU and  
HTD data sharing processes.
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Thank you for the opportunity to review this manuscript. It is very well written (with the exception 
of one or two typos) and is a very interesting example of the practical application of digital health. 
The manuscript describes two systems that use a wearable device coupled with a visualisation 
platform to view continuous SpO2 and heart rate data in multiple wards (including ICU) during the 
COVID-19 pandemic. While I agree with the authors limitations, that some sort of metrics to 
support the feasibility of the systems would further contribute to this work – I feel that a strength 
of this work is the detail of the real-world deployment and integration which was driven by the 
necessity of the pandemic. As it is currently written, enough detail has been given so that it can be 
reproduced by others. And I hope that the authors would consider the flow diagram outlined in 
“Optional Suggestion”. 
 
Minor Suggestions: 
Figure 1: Would it be possible to expand to describe the nuanced differences between the two 
monitoring systems(A+B)? 
 
Table 1: Would it be possible to expand Table to include which monitoring system was being used 
in each ward? 
 
Optional Suggestion: 
The stages of this system setup and deployment are very interesting. If it was allowed and 
agreeable by the authors, it would be fantastic to have some sort of flow diagram to describe the 
various phases (and paralleled workflows) and perhaps the different teams involved e.g ideation -> 
testing in field hospital -> infrastructure establishment -> pilot system x with ward x (n=x) -> 
further roll out etc.
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by others?
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Are the conclusions about the method and its performance adequately supported by the 
findings presented in the article?
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Thank you for giving me the opportunity to review this article describing the implementation of 
two pathways to monitor patients with Covid-19 in hospitals in Vietnam using digital technologies. 
The article is well written overall, with a few typos identified and described below. 
 
The authors acknowledge the limitations of the study in terms of their ability to evaluate the 
usability of the pathway or the patient benefit obtained from its implementation. As such, the 
article focusses instead on describing an intervention which may be of use to other health 
systems, or for which important lessons could be learned. With this in mind, I wonder if some of 
the discussion could be given over to clearly describing what the authors have learned from this 
experience that may be of use to others in a similar position. This set of recommendations based 
on their experience of a real-world rollout of a new technology at pace and amidst significant 
constraints are likely to be useful and of interest to a wider audience. 
 
Several minor points for clarification in order to enable replication of the work or clear 
interpretation of the findings are described below. 
 
Minor points: 
 
Introduction: 
- Please clarify that ‘Android’ refers to the operating system of the tablets 
- Clarify what a ‘screen sharing mobile application’ is 
Consider ensuring consistency in capitalisation of ‘oxygen’ across the article. 
- Re: ‘patients using this system were mobile’ - were they inpatients, or was this part of a remote / 
home monitoring programme? 
- It may be useful to provide a little context re: Vietnam’s COVID-19 timeline / policies - i.e. its zero-
Covid policies avoided significant numbers of cases until April 2021. I can imagine some readers 
getting confused around timelines as they differ from other countries. 
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- Define HTD on first use 
- Typo - ‘am’ / ‘an’ 
- As described in the methods - System A aggregated multiple patient readings through 
simultaneously receiving the screens of several separate tablets, rather than parsing the clinical 
data and then representing it in a different format? 
- I agree with the suggestion of the previous reviewer to include System B in Figure 1 to clarify the 
differences between it and System A. 
- What did the piloting on healthy individuals and a non-patient area involve? What did it aim to 
achieve, what was learned? 
 
Results: 
- Typo ‘continuous monitoring for individual patients’ rather than ‘continuous monitoring in for 
individual patients’ 
- Figure 2: Why was cumulative monthly admissions chosen to represent activity over the study 
period? Would either daily or weekly admissions or cumulative over the entire period be more 
useful? Daily or weekly admissions may give a clearer indication of changing activity over time 
than interpreting the gradient of a cumulative plot that resets half way through. The vertical bars 
represent the capacity of a unit at the time when its capacity changes. This is quite hard to 
interpret and would perhaps be better visualised as a line for each unit showing its capacity over 
time. This would allow ready comparison and avoid confusion about the capacity of a unit 
between the bars.
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findings presented in the article?
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The abstract provides a clear overview of the study, outlining the need for wearable pulse 
oximeters in monitoring COVID-19 patients in low-resource settings. It effectively summarizes the 
study's objectives and methodology. However, it lacks specific findings or results. Adding a 
sentence about the key findings would enhance its completeness. 
 
The methods section provides a detailed description of the study's setting, the two monitoring 
systems used, and the challenges faced during implementation. However, it lacks specific 
technical details about the wearable devices, which could be valuable for readers interested in 
replicating the study. Including information about the make and model of the devices, their 
technical specifications, and how they were integrated into the healthcare workflow would 
enhance this section. 
 
There are a couple of articles like [1] and Analysis of Reflectance Photoplethysmograph Sensors 
(zenodo.org). Authors can consider multiple factors like contact pressure, temperature, motion 
artifacts etc. to report the accuracy of the outcomes and compare the wearable device with 
already existing standard devices. The following two articles can be taken into consideration while 
doing this. 
 
The results section provides a clear timeline of when the monitoring systems were implemented 
and in which departments. However, it lacks specific data on patient outcomes or the performance 
of the monitoring systems. Including information on the number of patients monitored, key 
findings, and any issues encountered during the monitoring period would make this section more 
informative. 
 
The discussion section effectively summarizes the challenges faced during the implementation of 
the monitoring systems and the importance of pre-existing expertise and infrastructure. It also 
touches on the limitations of the study. However, it could benefit from a more in-depth discussion 
of the potential implications of this work, such as the scalability of wearable monitoring systems in 
LMICs and the need for data analytics for decision support. 
 
Recommendation: I recommend revising the manuscript to include specific data on patient 
outcomes, the performance of the monitoring systems, and technical details about the wearable 
devices used. Additionally, consider discussing the broader implications of this work and its 
potential for scalability and data-driven decision support in LMICs. 
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needed given the scope. It has a limited scope of assessing staff's ability to interact with wireless 
O2 sensor solutions, but it makes clear that it addresses the scope it sets. The language is easy to 
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