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Abstract Background: The hospital environment is characterised by a dense network of in-
teractions between healthcare workers (HCWs) and patients. As highlighted by the coronavirus
pandemic, this represents a risk for disease transmission and a challenge for contact tracing.
We aimed to develop and pilot an automated system to address this challenge and describe
contacts between HCWs and patients.
Methods: We developed a bespoke Bluetooth Low Energy (BLE) system for the hospital environ-
ment with anonymous tags worn by HCWs and fixed receivers at patient room doors. Proximity
between wearable tags inferred contact between HCWs. Tag-receiver interactions inferred pa-
tient room entry and exit by HCWs. We performed a pilot study in four negative pressure isola-
tion rooms from 13 April to 18 April 2021. Nursing and medical staff who consented to
participate were able to collect one of ten wearable BLE tags during their shift.
Results: Over the four days, when divided by shift times, 27 nursing tags and 3 medical tags
were monitored. We recorded 332 nurseenurse interactions, for a median duration of 58 s
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[interquartile range (IQR): 39e101]. We recorded 45 nursing patient room entries, for a median
7 min [IQR: 3e21] of patient close contact. Patient close contact was shorter in rooms on
airborne precautions, compared to those not o transmission-based precautions.
Conclusion: This pilot study supported the functionality of this approach to quantify HCW prox-
imity networks and patient close contact. With further refinements, the system could be
scaled-up to support contact tracing in high-risk environments.
ª 2021 The Author(s). Published by Elsevier B.V. on behalf of Australasian College for Infection
Prevention and Control. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Highlights

� We successfully developed and piloted a system to construct proximity networks in the
hospital setting.

� Patient close contact was shorter in rooms on airborne precautions, compared to those not
on transmission-based precautions.

� With further development, the system can be scaled up in high-risk environments.
Introduction

There is a critical need to protect healthcare workers (HCWs)
from infectiousdiseases tomaintain thecapacityof thehealth
system to care for hospitalised patients and to prevent illness
amongst HCWs. High rates of HCW infection with coronavirus
disease (COVID-19) emerged early in the pandemic. In
Australia, outbreaks occurred in healthcare settings during
low community prevalence of COVID-19, which highlights the
high-risk of disease transmission in these settings [1].

Conventional contact tracing methods used to prevent
onward transmission of infectious diseases are limited by
cost, workforce capacity and rely on subjective data
collection to recall events. The use of technology can help
address these limitations, however there is a scarcity of
evidence on the effectiveness of digital solutions [2,3].
Bluetooth Low Energy (BLE) technology is well established
and can be used to augment conventional contract tracing
through collection of objective data [4].

This study investigated how a BLE system can provide
data to construct proximity networks in the hospital setting.
Our primary aim was to record the frequency and duration of
primary close contact between HCWs and patients to esti-
mate the average HCW exposure time per patient-day.

Methods

Study design and setting

We performed a pilot contact network epidemiology study
in four negative pressure rooms at the Alfred Hospital,
Melbourne, from 13 April to 18 April 2021.

Participations

The study population were nurses and doctors providing
care to a patient in one of the four rooms. The sample size
was determined pragmatically by the number of HCWs that
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consented to participation and wore an anonymous BLE tag
during their shift. There were five nursing tags and five
medical tags available for use at any point in time. E-con-
sent was obtained through Research Electronic Data Cap-
ture, hosted by Monash University [5,6].

Data collection

We developed a bespoke BLE system for data collection,
consisting of wearable tags, BLE receivers and an edge
gateway device. The system was built and tested in an
engineering laboratory, and previously piloted and vali-
dated on the study setting ward through observational
cross-checking. The architecture of the system is presented
in Fig. 1 and technical specifications are in Appendix 1.

The wearable tags functioned continuously with an
anonymised identification number and retained a list of
interactions with other tags and the BLE receivers. Tags
were placed in the HCWs pocket, bag or clipped to their
existing identification badge. BLE receivers included two
proximity sensors that recognized the tags, recorded entry
and exit according to the direction the HCW moved through
the door and forwarded data to the gateway via long-range
data transmission. Receivers were fixed in the anteroom of
negative pressure patient rooms and in the corridors to
regularly transfer data from tags to the gateway. The edge
gateway securely received, stored and forwarded data to
the cloud server via Wi-Fi.

Data analysis

The BLE system was programmed to define proximity param-
eters during deployment. Close contact interactions between
HCWswere defined as tags within 1.5m fromeach other for at
least 30 s consistently, or if the tags return to be within 1.5 m
within 20 s since the previous interaction it was aggregated
with the recent interaction. Close contact betweenHCWs and
patients was inferred by tag-receiver interaction that
captured room entry and exit, for at least 30 s consistently. A
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Figure 1 The architecture of the Bluetooth Low Energy system in the hospital setting.

Table 1 Nursing interactions and patient close contact, by nursing shift times.

Data metric Total Morning Afternoon Night

Tags active, N 27 8 11 8
Nurseenurse interactions, N (%) 332 213 (64.2) 90 (27.1) 29 (8.7)
Median time of nurseenurse

interaction [IQR] (seconds)
58 [39e101] 65 [41e113] 50 [37e71] 52 [34e92]

Nurse-patient close contact events, N (%) 45 23 (51.1) 15 (33.3) 7 (15.6)
Median time of nurse-patient close

contact events [IQR] (minutes: seconds)
6:58 [2:57e20:36] 8:25 [2:59e29:00] 5:32 [2:51e11:12] 9:30 [3:59e14:48]

IQRZInterquartile range.
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received signal strength indication of �65dBm assumed tags
were within 1.5 m of each other or the receiver.

Data were extracted from the cloud server, cleaned and
analysed using Microsoft Excel and R Version 4.0.2,
including the ‘igraph’ package for network analyses [7].
Descriptive analysis summarised data, with continuous
variables summarised as median with interquartile range
(IQR) and ordinal variables as count with percentage. As the
same tags were available continuously, we estimated the
number of nursing tags monitored over the study period, by
dividing data into shift times; morning (7:00e1:59), after-
noon (14:00e21:29) and night (21:30e06:59).
Results

Over the four days, when divided by shift times, 27 nursing
tags and 3 medical tags were actively monitored. Table 1
presents total nursing interactions and patient close con-
tact recorded. A total 332 nursing interactions recorded,
with a median duration of 58 s [IQR: 39e101]. A total 45
patient close contact events were recorded, with a median
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duration of 6 min 58 s [IQR: 2:57e20:36]. Most tags were
active (used by a participant) in the afternoon, HCW
interaction duration was similar across all shifts, and pa-
tient close contact duration was longest during night shift.

Fig. 2 presents network graphs of all HCW-HCW in-
teractions, by cumulative count and minutes. There was a
total 545 min of close contact recorded, with a median
36 min [IQR: 5e66] per HCW tag pair. Nurse tags 4 and 5 had
211 min of interaction and nurse tags 2 and 4 had 72 min of
interaction, as represented by dense clustering of the
edges between these HCW nodes in Fig. 2B compared to
Fig. 2A. Only one medical tag (D01), recorded two in-
teractions with one nursing tag, for a cumulative 2 min 46 s.

There were a total 622 min of nursing-patient close
contact across all rooms. No medical tags recorded patient
close contact. One room was on airborne precautions for the
four days, an additional room was on airborne precautions
for day 3 and 4, and for all other rooms and days, there were
no transmission-based precautions. Nursing-patient close
contact was for a median 4 min 19 s [IQR: 3:42e4:55] for
rooms with airborne precautions, compared to 8 min 25 s
[IQR: 2:55e21:42] for rooms without transmission-based



Figure 2 Network graphs of interactions recorded; (A) total number of interactions; (B) total minutes of interactions.
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precautions (p Z 0.989). Per patient-day, the median
exposure time was 31 min [IQR: 1:37e68:18].

Discussion

We successfully developed a BLE system that constructed
proximity networks in the hospital setting. The median
interaction between nursing staff was 58 s, and the median
patient close contact event was 7 min. We estimated an
average nursing exposure time of 31 min per patient-day.
Close contact was shorter for patients in airborne pre-
cautions, compared to those without transmission-based
precautions.

The results of our pilot study may not be directly com-
parable with other studies due to differences in study
design. However, other studies also report mostly brief in-
teractions between HCWs, the least interactions by medical
staff, and short duration of close contact for patients in
airborne precautions [8e10].

Our study was limited by lower uptake of wearable tags
than anticipated, particularly for medical staff. Although
we used anonymous tags to increase HCW acceptability,
participation may have been limited by privacy concerns,
understanding or engagement [11]. Additionally, cumula-
tive interaction data over shifts and days may not enable
conclusions as it likely represents tags used by different
participants, however this contributes to an understanding
of potential analytics from this system, which will be more
meaningful through data collection over a longer period
and with increased participation. Overall, we have sought
to contribute to the gap in evidence on digital solutions for
outbreak response to augment conventional contract
tracing [3].

Future deployment of the system will require an in-
crease in the number participants, and expansion of the
BLE receivers across the ward to investigate critical op-
portunities for intervention to reduce potential infectious
69
disease transmission. Future research could also focus on
barriers to participation and ensure meaningful stakeholder
input in the systems development.

Conclusion

This pilot study supported the functionality of the proposed
BLE approach to collect data on proximity networks. With
further refinements, the system could be scaled-up to
augment contact tracing in high-risk environments such as
COVID-19 wards in hospitals, hotel-quarantine, or for future
infectious diseases outbreaks and/or pandemics.
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