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Summary

With rapid advances in technology, wearable devices have

evolved and been adopted for various uses, ranging from

simple devices used in aiding fitness to more complex

devices used in assisting surgery. Wearable technology is

broadly divided into head-mounted displays and body sen-

sors. A broad search of the current literature revealed a

total of 13 different body sensors and 11 head-mounted

display devices. The latter have been reported for use in

surgery (n¼ 7), imaging (n¼ 3), simulation and education

(n¼ 2) and as navigation tools (n¼ 1). Body sensors have

been used as vital signs monitors (n¼ 9) and for posture-

related devices for posture and fitness (n¼ 4). Body sen-

sors were found to have excellent functionality in aiding

patient posture and rehabilitation while head-mounted dis-

plays can provide information to surgeons to while main-

taining sterility during operative procedures. There is a

potential role for head-mounted wearable technology and

body sensors in medicine and patient care. However, there

is little scientific evidence available proving that the appli-

cation of such technologies improves patient satisfaction or

care. Further studies need to be conducted prior to a clear

conclusion.
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Introduction

Wearable technology may be defined as any wearable
compact device that presents information to users and
enables user interaction, either through voice-
command or physical input. It often comes as a ‘cloth-
ing accessory’.1 With rapid advances in technology,
wearable devices have evolved and been adopted for
various uses in medicine, ranging from simply aiding
in fitness to more complex devices used in surgery.

Currently available devices can be broadly divided
into head-mounted displays and body sensors. The
latter category may be defined as any wearable and
portable device with the ability to detect or record
any physiological mechanism of the human body,
whereas head-mounted displays are visual devices,

which have hands-free capabilities and are mounted
to the user’s head.

Although there is an increasing reliance on wear-
able technology, the extent to which these devices actu-
ally benefit patient health remains unanswered due to
paucity of the available literature. The aim of this art-
icle is to review the current literature in order to:

1. Highlight the latest forms of wearable technology
utilised in healthcare;

2. Explore their potential uses and drawbacks;
3. Understand the potential costs of implementation

of such devices; and
4. Provide a step-by-step guide on production and

implementation of new wearable devices.

Methods

A broad search was performed using EMBASE and
MEDLINE in the date range of 1980 to March 2016
using a combination of search terms including
‘wearable technology’, ‘head-mounted display’,
‘body sensors’ and ‘portable devices’. Original
research articles describing innovative and potential
uses of wearable technology were included in this
review. Any poster or oral presentations from confer-
ences, letters, bulletins and comments were excluded
in addition to non-English articles. The references of
the included studies were reviewed and relevant stu-
dies were subjected to the same selection criteria.

Head-mounted displays

Several head-mounted display devices have been iden-
tified (Table 1), which are currently utilised in surgery,
imaging, simulation and education and as a naviga-
tion tool.

Use in surgery

A case series reported the use of a head-
mounted display, MicroOpticalTM (MicroOpticalTM
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Corporation, USA), within orthopaedic surgery to
view intraoperative fluoroscopy images during the pro-
cedure.2 The study analysed head-mounted display use
in 50 cases and found significant reduction in the
number of times the surgeon looked away from the
operative field to the mobile display compared to
the standard monitor (0 vs. 19), thereby reducing the
exposure of unprotected body areas to radiation.
However, several users noticed significant imbalance
of weight with the head-mounted displays along with
the limitation of only allowing one image to be viewed
at a time.

Maithel etal.3 investigated theuseofOpti-VuHDVD
(StrykerEndoscopy,USA) tohelp reducemuscle fatigue
and improve performance during laparoscopic tasks on
a Computer-Enhanced Laparoscopic Training System
(CELTS) in comparison to a standard monitor display.
A total of 30 participants were recruited into the study
consisting of 15 junior and 15 senior surgeons. The
results showed a significant improvement in motion
smoothness (3.01 vs. 2.79, p< 0.03) when using head-
mounteddisplays.However, the head-mounteddisplays
resulted in more muscle fatigue (11.21 vs. 12.42,
p¼ 0.01) compared to the standard monitor.
Interestingly, 66% of the junior participants preferred
the head-mounted displays compared to 20% of
seniors,3 indicating a potential use within training.

Shao et al.4 used a head-mounted display device and
the Google Glass (Google Inc., USA) to provide sur-
geons with clear image-guided margins for cancer
resection. The study used an ex-vivo tissue model
injected with fluorescence, where the margins were
identified and made visible on the Glass. This was
used to identify residual tumour foci and, hence,
reduce the risk of recurrent pathology following sur-
gery. This surgical navigation system described has the
potential to improve clinical results and outcomes fol-
lowing cancer resection surgery. However, it is limited
to superficial tissue rather than deep, due to the proper-
ties of the tissue itself. Validation and optimisation
work is still required for the software usedon theGlass.

A head-mounted display in the form of a helmet
with two displays (Richard Wolf GmbH, Germany)
was used to perform trans-anal endoscopic microsur-
gery in assisting tumour removal.5 Surgeons reported
that the device was comfortable to wear with ade-
quate peripheral view. Using a standard monitor
requires surgeons to move into unpleasant postures
from extreme positioning due to handling of the
endoscope, in contrast to the head-mounted displays,
where the surgeon remains upright and in a relaxed
posture. However, the quality of display was limited
within the helmet due to low resolution.5

Liu et al.6 used the Nomad ND2000TM

(Microvision, USA) head-mounted display to displayT
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vital signs along with other parameters to allow
anaesthetists to spend more time monitoring the
patient without needing to constantly refer to indi-
vidual scanners. The results highlighted that the
detection time between the head-mounted displays
and standard vital signs monitor was not significantly
different; however, numerical data are not included
within the study.

Use in imaging

Inoue et al.7 provided patients with a head-
mounted display during their sonography examin-
ations. A total of 56 patients with genitourinary
disease were included in the study, where each
wore the HMZ-T2 (Sony Corporation, Japan)
head-mounted display during their sonography
examinations, allowing them to view their own
live sonography image. Among them, 75%
(n¼ 42) of patients reported a good-quality image,
with only 4% (n¼ 2) reporting mild eye fatigue.
When questioned about the wearability of the
head-mounted display, 70% (n¼ 39) stated it was
comfortable. Patients welcomed the head-mounted
displays, with 64% (n¼ 36) stating it had increased
their understanding of the disease.7 However, use
was restricted by battery life.

Wu et al.8 explored the use of Google Glass during
ultrasound imaging in order to determine whether it
helped decrease unintentional hand movements in
novices. A total of 40 participants were randomised
to use either the Glass or standard ultrasound dis-
play. Participants using the Glass took a longer
time to perform the procedure compared to those
without (207 vs. 86 s, p> 0.05) and required more
central wire needle directions (3.9 vs. 2.2, p< 0.05).
The Glass also exhibited a lag of 1 s during transmis-
sion, which made it difficult to use in real time.
Furthermore, multiple breaks between subjects to
allow for re-charging, due to low battery-life, further
complicated the ultrasound tasks.

Albrecht et al.9 compared the Glass with a digital
single-lens reflex (DSLR) camera in forensic medi-
cine. The DSLR camera was found to be far superior
in the quality of pictures taken in an autopsy setting.
Although the Google Glass has been very promising
as hands-free technology, several issues such as poor
image quality have been repeatedly identified. Such
limitations need to be addressed prior to implemen-
tation within clinical practice.

Uses in simulation and education

Wu et al.10 investigated the use of incorporating the
Glass in a simulation-based training programme,T
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comparing medical students to postgraduate trainees.
All participants wearing the Glass reported it com-
fortable to wear. Furthermore, it did not impede the
simulation programme, and the recordings obtained
from the simulation helped provide feedback in
debriefing participants.

Yoshida et al.11,12 conducted two studies in
which the authors reported the use of HMM-
3000MT (Sony Corporation, Japan) and HMZ-T2
(Sony Corporation) head-mounted displays have a
valid role within medical education. Using these
head-mounted displays as a vision-based finger
tracking system during transurethral resection of
the prostate procedures, surgeons were able to
point areas of interest, which can then be streamed
live to trainees and medical students. This allows
surgeons to maintain sterility while communicating
and instructing colleagues and teaching students.11

A virtual reality simulator was tested in a head-
mounted display format and has been proven to have
significant positive relationship between the simulator
and behind the wheel performance in rehabilitation
of patients with spinal cord injury.13 However, the
study reports that, due to limitations of the head-
mounted display display, participants using it had
more ‘off road’ collisions (0.4 vs. 0.25, p> 0.05)
during the simulation and stopped for longer dur-
ations. Some participants also reported acute simula-
tor sickness during the simulation.

Use as a navigation tool

A head-mounted display, Primesense 1080/Xtion
(ASUS, Taiwan), with the ability to detect sur-
rounding objects and provide a visual guide to par-
tially blind patients’ residual vision was developed
to be tested around an obstacle track.14 The head-
mounted display showed the size and position of
nearby objects but excluded any finger surface
details. The distance the object was away from
the head-mounted display was represented using
the brightness of the display. The study concluded
that the use of a head-mounted display to aid navi-
gation in partially sighted individuals has a poten-
tial future application; individuals easily understood
the system and the ability to determine the depth
and distance of the object was hugely
advantageous.

Body sensors

Several body sensors have been identified (Table 2) to
monitor vitals signs including patient electrocardiog-
raphy (ECG) and as posture and fitness devices.

Vital signs monitoring

Continuous vital signs monitoring is a significant part
of basic care of patients admitted to hospital. ViSi
Mobile System (Sotera Wireless Inc., USA)15 can
continuously measure heart rate, respiratory rate,
oxygen saturation level and blood pressure. Welch
et al.15 report that such devices have the ability to
reduce alarm fatigue, often a result of constant moni-
toring of patient vital signs. The device has also been
used in assessment and risk stratification for pressure
ulcers. However, there are limited data available in
the literature to support its accuracy or clinical bene-
fit. It was developed to constantly monitor vital signs
and alert medical professionals of abnormalities,
instead of nurse-led intermittent measurements of
vital signs. However, it may not be suitable for
daily patient use outside a hospital setting due to
positioning of the sensors on the chest, wrist, shoul-
der and abdomen.

A similar, but less intrusive, device is the Aingeal
(Intelesens Ltd., Northern Ireland), an automated
wearable device with a wireless monitor to continu-
ously observe patient respiratory and heart rates as
well as skin surface temperature. It has the ability to
detect arrhythmias and alert medical staff about the
possibility of a cardiac arrest. It has proved to have
low false-positive results in a study among 19 partici-
pants,16 which demonstrated strong preference (4.6/5)
for the Aingeal device over the standard capnograph
and other devices typically used for monitoring simi-
lar parameters. Similarly, the Vitalsens VS100
(Intelesens Ltd.)17 has also been developed with simi-
lar aims and demonstrated similar results.

Intelesens have also developed Zensor which is
more effective in detecting arrhythmias. The device
can also act as a Holter monitor and be used for
prolonged periods of time. The device alerts patients
when abnormal physiological signs are detected,
ensuring patients have peace of mind knowing that
they are under care. It can allow cardiologists to have
more information, possibly cutting down the number
of hospital visits and, subsequently, reducing hospital
admissions. However, no numerical data are avail-
able as yet.

QUASAR have developed various biosensors,
which have the capability of recording ECGs without
artefacts, affected by walking or moving rapidly.
Matthews et al.18 recruited a total of six participants
to wear the QUASAR, mounted on a belt around the
torso for 30 days. ECGs were then collected and over
90% of the segments were classified as excellent and
clear without artefacts. However, it was noted that
when patients were walking, the p-wave could be
affected or was absent.
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BioHarness (Zephyr Technology Corp., USA)19

uses a thoracic pressure sensor attached to a chest
band to detect respiratory and heart rate. It has been
validated in various studies for high accuracy and
user-friendliness and can also be paired with a smart
phone to view live physiological data wirelessly or
onto a central display monitor. Bianchi et al.19 ana-
lysed 44 patients with tachypnoea, in an emergency
department setting, with sensitivity results of 91%
and specificity of 97% compared to standard equip-
ment (23% sensitivity and 99% specificity). Each
BioHarness device costs approximately $400, possibly
resulting in substantial costs for implementation.

The PhysioDroid is also a phone application,
developed to work alongside a physical chest band
and is cable of monitoring physiological data such
as heart rate, respiratory rate and temperature, wire-
lessly transmitting these data to the user’s
smartphone.20

EQ02 LifeMonitor (Equivital Inc., USA) belt has
also been demonstrated to accurately monitor
respiratory and heart rates, temperature, biometrics,
activity, sleep, fitness and psychophysiology through
various animal and human studies.21,22 The EQ02
LifeMonitor has various advantages over other
physiological sensors such as the BioHarness as it
has the ability to detect and record core temperature
along with multipoint temperature at various loca-
tions. It also allows data recording and communica-
tion with various devices to analyse data. However, it
requires single-use sensors, which cost approximately
$77 per use.

Other wearable devices such as the LifeShirt
(VivoMetrics Inc., USA) have been used in studies
to measure various parameters. It has been validated
for use to detect tidal volume, minute ventilation and
respiratory frequency.23 It has also been described to
accurately monitor ECG in animal studies without
restricting movement.24 However, the device is com-
plicated to set up and use but, with further develop-
ment, has the potential to be used by medical
professionals for diagnosing sleep disorders, heart
disease, pulmonary disorders and pre- and post
operative monitoring.25

Posture-related uses

A 2014 study26 reported a wearable device with the
ability to automatically detect falls. Twelve adults
participated in the study, in which experimental
falls were detected and classified into categories
such as slips, trips, fainting and standing up from
sitting. The sensor’s results indicated a sensitivity of
83% and specificity of 89% at detecting the type of

fall. Hence, it may be used to aid better prevention
strategies for falls in older adults with more directed
physiotherapy.

The Vitaport 3 (Temec BV, the Netherlands) is an
accelerometer device attached on six different loca-
tions on the body to deduce the severity of symptoms
in stroke patients by calculating the Functional
Ability Scale (FAS). Patel et al.27 used the Vitaport
3 for 24 post-stroke survivors with upper limb weak-
ness (hemiparesis), where FAS was subjectively cal-
culated by clinicians and compared to the FAS
determined by the Vitaport 3. The results indicated
an error rate of 5.76% (p< 0.05) between the two sets
of data.

The PREFORM system is a wearable device
designed to detect and quantify (0–4) symptoms of
Parkinson’s disease in order to provide objective
measurements to monitoring symptoms.28 The
system has been reported to show an accuracy of
93.7% for the classification of levodopa-induced dys-
kinesia severity, 86% for bradykinesia severity and
87% for tremors; furthermore, all 24 Parkinson’s
patients recruited in the study reported that the wear-
able devices was comfortable to wear.

Human exoskeleton robots have been demon-
strated in gait analysis in a study published in
2014.29 The Robot Suit HAL (University of
Tsukuba, Japan) exoskeleton has body sensors,
which consist of shoe-embedded force sensors and
a walking cane. The system receives input from sen-
sors and can then provide feedback to the user on
whether they should start, stop or continue walking.
However, the device is in early development but
could have huge potential in aiding patients with
gait difficulties.

Discussion

Health technology assessment

Health technology assessment is a multidisciplinary
method to systematically analyse technology based
on safety and clinical effectiveness. We recommend
that, prior to any implementation, devices are
assessed in several domains (Figure 1). Devices
should first demonstrate (1) content validity followed
by (2) reliability assessment and (3) implementation.

Future developments

A 2014 study26 analysed optimal sensor location, to
ensure accuracy of sensors and minimise visibility.
The authors concluded that patients have higher pref-
erence and compliance for devices placed on the
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wrist, as such devices can often be perceived to be
clothing accessories. It has been noted that large
devices which are placed in visible locations often
lead to poor compliance when required for long per-
iods of time, such as the PREFORM body sensor,
which has reported that patients felt anxious and
uncomfortable wearing the device, especially in
public places.28

Smart watches are the latest development in wear-
able devices, highlighted by the release of Apple Watch
and Fit Bit Flex. The new ‘Kardia Band’ allows
monitoring of ECG through the Apple Watch. These
devices are designed to be user-friendly, enchaining the
information provided to clinicians while allowing
patients to monitor their own conditions.

Limitations

As with all reviews, relevant devices and articles may
have been missed despite broad search terms across a
variety of databases. Furthermore, there is a lack of
high-level evidence within studies included in this
review, with no randomised controlled trials present.
This reflects the limited availability of the literature
on this topic. Nevertheless, despite limited results, the
possibility of enriching patients with devices to moni-
tor their own wellbeing and facilitating clinicians with
more superior and capable methods of monitoring,
only highlights the potential of such devices. With
technology improving drastically, we can expect
such devices to be involved in both patient care and
in medical settings.

Conclusions

Wearable technology has a potential role within
medicine. Many uses have been identified within the
medical field. Body sensors have excellent functional-
ity in aiding patient posture and rehabilitation and
head-mounted displays can provide an array of uses
within the medical field. However, it is difficult to
assess the true usefulness of such devices in medicine
due to limited trials and literature. We suggest a val-
idation pathway for each wearable device, prior to
implementation in the clinical setting.
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