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Summary

Objective: The aim of this systematic review is to synthesize research studies involving the use of
smart watch devices for healthcare.

Materials and Methods: The Preferred Reporting Items for Systematic Reviews and Meta-Ana-
lyses (PRISMA) was chosen as the systematic review methodology. We searched PubMed, CINAHL
Plus, EMBASE, ACM, and IEEE Xplore. In order to include ongoing clinical trials, we also searched
ClinicalTrials.gov. Two investigators evaluated the retrieved articles for inclusion. Discrepancies be-
tween investigators regarding article inclusion and extracted data were resolved through team dis-
cussion.

Results: 356 articles were screened and 24 were selected for review. The most common publi-
cation venue was in conference proceedings (13, 54%). The majority of studies were published or
presented in 2015 (19, 79%). We identified two registered clinical trials underway. A large propor-
tion of the identified studies focused on applications involving health monitoring for the elderly (6,
25%). Five studies focused on patients with Parkinson’s disease and one on cardiac arrest. There
were no studies which reported use of usability testing before implementation.

Discussion: Most of the reviewed studies focused on the chronically ill elderly. There was a lack of
detailed description of user-centered design or usability testing before implementation. Based on
our review, the most commonly used platform in healthcare research was that of the Android Wear.
The clinical application of smart watches as assistive devices deserves further attention.
Conclusion: Smart watches are unobtrusive and easy to wear. While smart watch technology sup-
plied with biosensors has potential to be useful in a variety of healthcare applications, rigorous re-
search with their use in clinical settings is needed.
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1. Introduction

1.1 Background

There is little doubt that wearable technologies are entering our lives, especially amongst early
adopters. Numerous technology companies have invested in developing novel wearable solutions to
gain successful access into consumer markets. It was estimated that only 1% to 2% of individuals in
the United States have used a wearable device, but the market is forecasted to be worth $25 billion by
2019 with smart watches taking 60% of market value [1, 2].

A wearable device can be defined as a mobile electronic device worn as an accessory or unobtrus-
ively embedded in the user’s clothing [3]. Generally, wearable devices adopt the technologies of
sophisticated biosensors and wireless data communication that allow the wearer to access and trans-
mit information in all sectors of human endeavor. Given the functionality of miniaturized biosen-
sors capable of wireless communication, these devices are developed to be innovative, non-invasive
monitoring technologies for continuous and autonomous transmission of physiological data [4]. As
these wearable devices proliferate in the clinical domain, they have the potential to provide care-
givers with the information they need to improve the quality of health care, change and facilitate
clinical workflow, manage and treat patients remotely, collect greater health data, and deliver more
meaningful healthcare to patients [5].

For practical use, Zhang’s research group noted several key factors that should be developed in
order to implement wearable devices, including miniaturization, integration, networking, digital-
ization, and standardization [6]. To be comfortably worn on the body, miniaturization and unobtru-
siveness are considered the most important factors that can increase compliance for long-term and
continuous monitoring [7]. A recent advent to the fast-growing market of wearable devices is the
smart watch. With its miniaturized form factor design and computing technology, a smart watch
can be worn continuously without interrupting the user’s daily activity. Although smart phones have
become a part of our daily lives and might be considered to be wearable, these devices most often
resides in a pocket or purse. Unlike smart phones, smart watches can be truly wearable without in-
terrupting our daily lives, and can also serve as a readily accessible extension of the smart phone [8].
Because of the proximity to the skin, the smart watch can also be a source of physiological data de-
rived directly from the wearer's body [9]. With the potential for widespread adoption in the health-
care sector, smart watches equipped with biosensors have the potential to provide important health-
care information to patients and their providers.

1.2 Significance

While there is potential for smart watch technology to gather and display important health data, to
our knowledge there has been no systematic review regarding its healthcare application either in the
research environment or in clinical practice.

1.3 Objectives

In this article, we aim to review the published literature regarding healthcare applications of smart
watches and the ongoing research projects that have been registered in the government clinical trials
website. We also discuss the potential uses and limitations of smart watches in healthcare settings.

2. Material and Methods

2.1 Literature Search

We chose the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) as
the systematic review methodology [10]. A total of five databases were searched, including PubMed,
CINAHL Plus, EMBASE, ACM and IEEE Xplore Digital Library. All databases were searched by
using keywords “Smart Watch” or “Smartwatch’, along with the brand names of the most commonly
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available commercial smart watches. Additionally, searches were conducted on ClinicalTrials.gov to
include ongoing registered clinical trials. Although this review focused on healthcare applications,
no reference to healthcare or application was included in the search terms to ensure a broad sweep
of articles for consideration. The search terms used in PubMed were as follows and were modified to
fit specific requirements of each of the databases searched.

("smart watch”[All Fields] OR smartwatch[All Fields]) OR (“Android”[All Fields] AND “Wear"[All Fields]) OR
("Apple”[All Fields] AND “Watch"[All Fields]) OR (“Moto"[All Fields] AND “360"[All Fields]) OR ("“Samsung”[All
Fields] AND “Gear"[All Fields]) OR (“Pebble”[All Fields] AND “Watch”[All Fields]) OR (“Garmin”[All Fields] NOT
("GPS"[AIl Fields] OR "Global Positioning System”[All Fields])) NOT (“Comment”[Publication Type] OR “Editori-
al”[Publication Type] OR "Review" [Publication Type])

We ran our search on December 1, 2015. We did not limit the year in the search terms, since the
smart watch and its applications in the healthcare domain are relatively new. Additionally, we con-
ducted a manual review of the citations included in the articles retrieved.

2.2 Article Selection

One of the authors conducted an initial screen on the retrieved records. Duplicated articles were

eliminated and additional records were excluded after reviewing individual titles and abstracts. A

second author then reviewed the included studies. The retrieved full-text articles were evaluated for

eligibility by two independent investigators. Reviewers were blinded to each other’s assessments.

Discrepancies about article inclusion were then resolved through discussion with other team

members. After excluding irrelevant studies, the remaining studies were selected for final review. To

be included in the final review, studies had to be:

a) published in peer-reviewed journals either as original articles or as conference proceedings, or be
registered as an ongoing study in the official Clinical Trials website maintained by the National
Library of Medicine (NLM) (i.e., ClinicalTrials.gov).

b) featuring smart watch or smartwatch as the primary subject of study or a main component of the
study methodology.

c) targeted toward the clinical application of specific diseases of interest or individuals with specific
healthcare demands.

d) written in English.

We excluded those articles that were not considered original research, such as letters to the editor,
comments, or reviews. Because this review focused on smart watches, wearable wrist devices with-
out the functionality of watches were also excluded. We also excluded smart band devices that solely
tracked activity or fitness.

2.3 Data Extraction

After the articles were selected for final review, they were randomly assigned to two investigators
who extracted data and entered into a free online spreadsheet (Google Sheets). Data extracted in-
cluded: authors, year of publication, publication type, study design, target population, number of
participants, study aims, study intervention, technology-related findings, platform and/or type of
smart watch, type of sensors used, and article title. We also extracted information from each article
according to whether the study described the use of human-computer interaction, user-centered de-
sign, or pre-implementation usability testing as part of their main study interventions or findings.
Finally, discrepancies about the contents of the extracted data were resolved through team dis-
cussion.
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3. Results

Initially, 356 studies were identified through database searching. After excluding duplicated records,
325 records were eligible for screening. There were 292 records that did not meet our inclusion crite-
ria based on the screen. A total of 33 studies were included to be evaluated for eligibility. Full text
records were retrieved and reviewed by two independent assessors. After excluding irrelevant
studies, 24 articles were selected for final review, including 7 original studies, 2 conference papers, 13
conference proceedings, and 2 ongoing clinical trials. The study selection process is depicted in
> Figure 1. The complete description of the included studies is shown in »>Table 1.

Of the 24 records selected, the most common year published, presented, or registered was 2015
(19, 79%), followed by 2014 (4, 17%). There was only one article published earlier, in late 2013 (4%).
In terms of the publication type, 13 (54%) were published as conference proceedings and seven
(29%) as journal articles. With respect to study design, the largest number of studies (13, 54%) uti-
lized experimental designs in which machine learning was used to create annotated datasets for clas-
sification or pattern recognition to model a smart watch intervention for a target population, fol-
lowed by experimental designs with control groups (5, 20%) to investigate the effect of the smart
watch intervention on specific outcomes. There were no clinical trials published. However, in Clini-
calTrials.gov we identified two studies underway involving smart watches (2, 8%). For studies that
have been completed and published, the number of participants or patients ranged from 1 to 143.
The highest number of studies were conducted in the USA (10, 42%), followed by three studies in
Germany (13%) and two studies in the United Kingdom (8%). The remaining nine studies were
conducted in different countries around the world.

With respect to the target population, six studies (25%) focused on smart watch use among the
elderly, either for health monitoring or in a smart home environment, and five studies (21%) focused
on patients with Parkinson’s disease (PD). The third and fourth largest groups of studies focused on
food and diet monitoring (4, 17%) and on medication adherence monitoring in patients with
chronic diseases (3, 13%). Although there were dozens of smart watches to choose from, the most
commonly used platforms for healthcare research were those involving the Android Wear (11, 46%).
Among those, the most commonly used brand was the Samsung Galaxy Gear (6, 25%) followed by
the Pebble Smartwatch (4, 17%). Although most studies featured the smart watch as the primary
subject of study, seven studies (29%) utilized both a smart watch and a smart phone as main compo-
nents of the study methodology. Study characteristics, including study design, target population, and
platform used, etc., are summarized in »Table 2. Number of publications and types of study design
in terms of the target population is shown in »>Figure 2 (A). For the most commonly used study
methodology, the experimental study of machine learning, the number of publications with respect
to different target population is presented in P> Figure 2 (B).

In terms of utilizing the accelerometer or gyroscope functionalities that smart watches general
exhibit, most of the selected studies used at least one of these functionalities as the main concept of
applications for their studies (16, 67%). Of them, five studies (21%) used the combination of an ac-
celerometer and a gyroscope [11, 12, 28-30]. Seven studies did not utilize any sensor in their study
intervention [14-15, 18, 23-24, 27, 33]. Instead, smart watches were used as assistive devices for pa-
tients with specific needs via their screen or voice as input or reminders. One study utilized physio-
logical sensors to monitor activity in the elderly by recording heart rate and skin temperature [31].

In most of the studies (18, 75%) there was no mention of human-computer interaction, user-cen-
tered design, or pre-implementation usability testing as part of their study design or intervention.
However, two studies utilized user-centered design during the design phase [15, 22], one study had a
brief evaluation of the user interface [27], and three studies mentioned usability testing in the con-
text of future work [12, 18, 20].

4. Discussion

Our review of the literature revealed that, since late 2013, there were 24 studies involving smart
watches in healthcare applications that met our inclusion criteria. Given their recent appearance on
the commercial market, it is not surprising that the majority of these studies were published in 2015.
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This review discloses a wide variation in study design and target population. As shown in »-Figure 2
(A) and » Figure 2 (B), the number of publications in terms of the study design and target popu-
lation reflect the heterogeneity of using smart watches in healthcare. In the following discussion, we
will examine the platform used, other related technologies, target population, usability testing, study
design and their potential bias, and type of sensors used.

Based on our review, the platform most commonly used in healthcare research was that of the
Android Wear, and there was no research utilizing that of the Apple Watch. This is not surprising
since the first Android Wear started shipping in July 2014, whereas the Apple Watch was not avail-
able until April 10, 2015. While our study was designed to review the literature on healthcare appli-
cations of smart watches, a large amount of selected studies utilized the combination of a smart
watch and a smart phone [11, 15, 22, 25, 27, 29, 34]. Although the smart watch has emerged as a
standalone computing device intended to be used by the wearers with or without the concomitant
use of a smart phone, currently most smart watches rely on a smart phone to assist their computing
or connection abilities. Perhaps because smart phones are so prevalent today, some researchers
chose to conduct research based on the combination of a smart phone and a smart watch, or com-
pare usage between the two. With the launching of the Apple Watch OS 2.0 and a later version hav-
ing native apps support (that can run on the watch itself instead of the iPhone), and with the An-
droid Wear, which can now work on its own with cellular support via 4G connectivity [35, 36], it is
possible that wearable smart watches will become a reality for content providers and therefore an
opportunity for healthcare applications.

One study used a multimodal approach, including a wrist worn smart watch, a Microsoft Kinect,
and other devices, to act as an assistive technology for activity monitoring in the elderly [20]. Micro-
soft Kinect was developed for gaming purpose, however, developers have recognized that the mo-
tion sensing camera has potential for healthcare applications, due to its ability to track movements in
three-dimensional (3D) space and to Kinect’s open software development kit [37]. In the literature,
there are several studies that utilized Kinect to assist the diagnosis or monitoring of disease activity
for movement disorders especially in PD [38-42]. A performance comparison of Kinect and smart
watches demands further investigation.

Smart watches are being used as a platform for a variety of healthcare applications. Based on our
review, the most common healthcare applications using smart watches focused on health monitor-
ing or smart home environment for the elderly [11-12, 16, 20, 25-26]. Another major application is
with chronically ill patients needing medication adherence monitoring [18, 27, 30]. This focus is
particularly relevant since the United States is projected to experience rapid growth in its older
population in the next four decades [43], which will increase demand for chronic care. According to
a report released by Centers for Disease Control and Prevention (CDC), approximately 80% of older
adults have one chronic condition, and 50% have at least two [44]. As seniors live longer, technology
may become an indispensable aspect of modern life. There are a number of care issues related to
seniors, individuals with disabilities, and their caregivers, which can potentially benefit from tech-
nology. Among them, fall detection and prevention, chronic disease management, and medication
management are the leading three identified by the Aging Services Technology Study [45].

Fall detection for elderly adults has been playing an important role in smart home environment
[46]. Thousands of research articles have been published in the literature, and a variety of products
are available on the market for automatic fall monitoring. Although existing fall detection studies
have been conducted with different sensor positions, the devices are usually placed on both the
upper and lower body, and the most common device placement position is the waist [47]. With the
advent of smart watches characterized by miniaturization and unobtrusiveness, wide application of
fall detection algorithms in such devices are possible in the future. Nevertheless, use of wearable fall
detection devices by older adults in real-world settings demands further research and improvement
in accuracy [48].

Another category of research found on this review is related to smart watch applications in pa-
tients with neurologic diseases, including PD, Alzheimer’s disease, epilepsy, and stroke [13, 15, 17,
19, 24, 29, 33, 34]. Neurologic diseases are amongst the major causes of disabilities, and those coping
with these disabilities may benefit from assistive technology using smart watches. These studies used
a variety of study designs and interventions utilizing smart watches, including those intended to
help Alzheimer patients recognize familiar people, enable analysis and diagnosis of tremors, detect
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types of seizures in children and young adults, assist PD patients with voice and speech disorders,
and assess symptoms and motor signs of PD. In the two ongoing clinical trials, researchers are test-
ing the use of smart watches for monitoring activity feedback during in-patient stroke rehabilitation,
and for monitoring physical activity (including falls and tremor) in PD patients [33-34]. In one of
the larger clinical studies by Patterson [13] the use of a smartwatch to detect seizures had disap-
pointing results, suggesting that while their use in laboratory settings holds promise, further devel-
opment and evaluation in clinical settings are needed.

For assistive technologies to be successfully implemented into the current workflow, gaps be-
tween the design phase and user experience must be bridged. This is especially important in the case
of smart watches, given their small screen size. Another focus from this review emphasizes the im-
portance of enhancing the user experience through usability testing, to evaluate a product before
implementation. However, only two studies utilized user-centered design in the design phase, and
only one study described a user interface evaluation [15, 22, 27]. No studies followed rigorous us-
ability testing guidelines [49]. Usability testing has been used to evaluate a variety of assistive de-
vices, however, this testing often excluded individuals with disabilities [50]. Among the selected ar-
ticles, two studies focused on groups of people with special needs, including patients with visual or
hearing impairment [22-23]. Both of these studies utilized a combined smart watch — smart phone
system. One aimed to develop a system for gesture control in assisting low vision people during daily
life; the other was designed to identify the needs and expectations of deaf people related to using the
smartwatch as an environmental sound alert. It will be important to consider user-centered design
and usability testing in future trials.

Although most of the studies we identified focused on health monitoring and patients with
chronic illnesses, one study aimed to help patients experiencing out-of-hospital cardiac arrest
(OHCA). Gruenerbl et al. developed a Cardiopulmonary Resuscitation (CPR) feedback application
for a smart watch, designed to allow untrained bystanders to perform CPR correctly in emergencies
[21]. Using the accelerometer of the smart watch, a CPR application was developed to provide real
time feedback during chest compression CPR with three screen-based feedback functionalities: fre-
quency, depth, and counting. This study enrolled a total of 41 participants to perform CPR in mani-
kins. Using the smart watch for assistance was significantly associated with increased rate and depth
of chest compression, although the findings were not as promising in terms of high quality CPR
[51]. The application developed by Gruenerbl and colleagues did provide a brand new concept of
using smart watches to assist bystander CPR; however, it provided only on-screen reminders with-
out audio and vibration feedback. Furthermore, there was no usability testing on the product.

In this review, more than half (13, 54%) of the selected studies adopted a quantitative approach by
using experimental design of machine learning. Since most smart watches contain an accelerometer
and a gyroscope, it is possible to utilize the motion detection sensors for different patient popu-
lations. As a form of artificial intelligence, machine learning involved the training of a computer
based on data collected from prior examples [52]. For healthcare applications using smart watches
via machine learning approaches, health related data can be collected and combined with appropri-
ate algorithms to provide valuable results. Such data collecting process constitutes what Simon called
“the sciences of the artificial” [53], and experimentation is the alternative way for learning algo-
rithms to formalize complex analysis when theoretical evidence is lacking. As Langley wrote in his
influential editorial entitled “Machine Learning as an Experimental Science” in the journal Machine
Learning, an experiment involves systematically varying one or more independent variables and
examining their effect on some dependent variables [54]. In order to improve the performance of
dependent measures, a machine learning experiment requires a number of observations made
under different conditions [55]. As shown in »>Figure 2 (B), motion detection using smart watches
and machine learning can be found in a variety of healthcare applications including elderly health
monitoring or smart home, food and diet monitoring, medication adherence monitoring, and
movement disorders. Experiments have to be conducted to collect annotated datasets for training
purposes. Based on our review, all selected articles rely on supervised machine learning algorithms
for the tasks of classification or pattern recognition, and most studies chose N-fold cross validation.
Threats to validity include small sample size, classifiers used, and lack of testing with alternative
datasets.
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Although a detailed discussion is beyond the scope of this review, there are a variety of factors
that may affect performance measures in healthcare applications using smart watches and machine
learning algorithms. In particular, the use of sensors and the related performance measures may be
of interest to some of our readers. With respect to types of sensors used in the included studies, 67%
of the studies used at least one sensor and 21% used the combination of an accelerometer and a
gyroscope. An accelerometer is a sensor which measures acceleration in the 3D coordinate system
and a gyroscope detects rotation. Theoretically, the combination use of both sensors can increase the
accuracy of motion detection in a selected target population. Empirically, Alias et al. showed signifi-
cant results using both gyroscope and accelerometer sensors with some filters in a stabilized and
moving platform application [56]. Due to the heterogeneity of selected studies, however, there is
currently insufficient evidence to draw any relevant conclusion regarding the performance of the
combined sensors use. Expanded experimental studies are needed.

In sum, the impact of the smart watch in real world clinical practice or even emergency settings
has yet to be determined. For smart watches to be commonly used in the clinical arena, researchers
will need to adopt more rigorous study designs and conduct usability testing before full implemen-
tation of smart watch technologies into clinical settings.

5. Limitations

The smart watch is not a new concept. However, with the advent of Android Wear and Apple Watch
it has attracted wide attention. Research articles regarding healthcare applications of smart watches
are scarce, based on our search of the literature. In order to expand the range of our review, we
searched all pertinent databases available, and we included studies presented in medical confer-
ences, as well as ongoing clinical trials. In the search terms, we used smart watch or smartwatch as
the main keywords to ensure a broader coverage of articles to be considered for inclusion. Due to the
heterogeneous nature of different databases, the quality of the included studies varied greatly. Never-
theless, this review highlights that while there is potential for healthcare applications using smart
watch technology, more rigorous studies of their use in clinical settings is needed.

6. Conclusion

Smart watches exhibit the advantages of small form factor and can be wrapped on the wrist for daily
wear. Although the reported use of smart watch applications for patients with chronic diseases ap-
pear promising, we found only one study focused on managing patients in critical or emergency
conditions. In order for these devices to gain wide acceptance by health professionals, rigorous re-
search on their accuracy, completeness and effect on workflow should be conducted before smart
watch applications are integrated into clinical practice. User studies to investigate ideal functionality,
user interface design, and usability for a variety of clinical and patient settings are needed. Further
research is required to understand the impact of smart watch applications on clinical practice.
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Table 2 Characteristic of Selected Articles

Categories
Years Published

Publication Type

Study Design

Target Population

Platform/Smart Watch

Locations of the Study

© Schattauer 2016

2013

2014

2015

Journal Article

Conference Paper

Conference Proceedings

Study registered in ClinicalTrials.gov
Controlled experimental

Experimental study of machine learning
Prospective observational

Randomized controlled trial

Proposed system

Qualitative semistructured interview
Elderly/ Health Monitoring/Smart Home
Epilepsy/Seizure patients

Alzheimer's disease

Out of Hospital Cardiac Arrest

People with deaf or visual impairments
Parkinson’s disease

Stroke patients

Food and diet monitoring

Medication adherence monitoring
Android Wear

Pebble Smartwatch

Others

United States

Germany

United Kingdom

Others

Applied Clinical Informatics 866

N=24 (100%)
1 (4%)

4 (17%)
19 (79%)
7 (29%)
2 (8%)
13 (54%)
2 (8%)

5 (20%)
13 (54%)
(8%)

4 (17%)
9 (38%)
10 (42%)
3 (13%)
2 (8%)

9 (38%)
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