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Preface to ”Emerging Technology Applications to
Promote Physical Activity and Health”
Sedentary behavior has been identiﬁed as one of the major causes of many chronic diseases
such as cardiovascular disease, stroke, cancer, type 2 diabetes, and obesity. Emerging technology
plays a complex role in sedentary behavior, very much like a double-edged sword. On the one hand,
some emerging technologies (e.g., sedentary video games and computer games) have contributed
to the epidemic of sedentary behavior and physical inactivity. On the other hand, other innovative
technologies have been increasingly utilized to promote physical activity and health. For example,
newly emerging technologies such as mobile device applications, health wearable devices, and active
video games have been adopted to promote health. As technology becomes an ever-more prevalent
part of everyday life and population-based health programs seek new ways to increase life-long
engagement with physical activity, the two have become increasingly linked.
This Special Issue offers a thorough, critical examination of emerging technologies in
physical activity and health promotion, considering technological interventions in different contexts
(communities, clinics, schools, homes, etc.) among various populations, exploring the challenges of
integrating technology into physical activity promotion and offering solutions for its implementation.
This Special Issue further aims to take a broadly positive stance toward interactive technology
initiatives and, while discussing some negative implications of an increased use of technology, offers
practical recommendations for promoting physical activity through various emerging technologies,
including but not limited: active video games (exergaming); social media; mobile device apps; health
wearables; mobile games, augmented reality games, global positioning and geographic information
systems; and virtual reality.
As is well-known, technology is continuously evolving over time and constantly changing our
lives. On the horizon are novel and exciting cutting-edge technologies that have great potential for
physical activity and health promotion. Offering a logical and clear critique of emerging technologies
in physical activity and health promotion, this Special Issue provides useful suggestions and practical
implications for researchers, practitioners, and educators in the ﬁelds of public health, kinesiology,
physical activity and health, and healthcare.
Zan Gao, Jung Eun Lee
Special Issue Editors
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Abstract: Exergaming has been observed to be a viable supplemental approach in promoting physical
activity (PA) among children. However, whether sex differences in PA and sedentary behaviors exist
during exergaming is inconsistent. Thus, this study aimed to quantify, via accelerometry, young
children’s PA and sedentary behaviors during exergaming as well as examine sex differences in
these PA and sedentary behaviors during gameplay. In total, 121 ﬁrst- and second-grade children
(mean age = 6.89 ± 0.9 years; 73 girls) were included in the analysis. Children were a part of a large
18-week parent study. Children wore ActiGraph GT1M accelerometers during exergaming play, with
four measurements purposively selected from the 28 total exergaming sessions to capture children’s
PA and sedentary behaviors during exergaming play. Outcome variables included mean percentages
of time spent in moderate-to-vigorous PA (MVPA), light PA (LPA), and sedentary behavior during
each exergaming session. One-way ANOVA was performed to determine whether there were
differences in the percentage of time engaged in MVPA, LPA, and sedentary behavior during
exergaming by sex. Accelerometry data indicated that children’s mean percentage of exergaming time
spent in MVPA, LPA, and sedentary behavior were 19.9%, 32.9%, and 47.2%, respectively. However,
no sex differences were present. Observations in this study indicated that boys and girls have similar
PA levels during exergaming and suggests that features inherent to exergaming may assist in PA
promotion among both sexes.
Keywords: active video game; light physical activity; moderate-to-vigorous physical activity;
sedentary behavior; sex difference

1. Introduction
Increased physical activity (PA) and reduced sedentary behavior among children and adolescents
have been positively associated with improvements in physiological and cognitive outcomes, such as
body composition, cardiorespiratory ﬁtness, bone health, cognition, and academic achievement [1].
Consequently, it is recommended that children and adolescents accumulate at least 60 minutes (min)
of moderate-to-vigorous PA (MVPA) per day [2]. However, a recent study’s observations among
6128 children aged 9–11 years from 12 countries suggested that only 44.1% of participants met the
MVPA recommendation [3]. Indeed, physical inactivity, along with dietary behaviors, has been
highlighted as an important determinant of overweightness and obesity among children worldwide [4].
Furthermore, evidence has suggested that physical inactivity and overweightness/obesity during
childhood may track into later life [5,6], leading to higher risks of many chronic diseases including
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stroke, type 2 diabetes, and heart disease [7]. Thus, researchers have been investigating effective and
novel methods of promoting PA among children.
Exergaming, a new generation of video games, requires players to physically interact with video
games during gameplay through various arm, leg, or whole-body movements such as dancing,
jogging, and kicking [8]. Given the fact that children spend a large proportion of their time
engaging in screen-based sedentary behavior [9,10], exergaming’s physically active screen-based
nature has been considered a promising way to promote PA levels in children and a feasible manner
to facilitate population-level attenuation of the increasing obesity prevalence among children and
adolescents [8,11].
Over the past decade, the beneﬁcial health effects of exergaming have been extensively examined
by researchers. Previous studies have suggested that exergaming may improve children’s PA levels and
attitudes [11–14], energy expenditure [15,16], and perceived motor skills [17], and reduce sedentary
screen time [18,19] and waist circumference [20] and improve body composition [21,22]. However,
whether exergaming is an effective approach to promote PA levels and help children meet the PA
recommendations (i.e., 60 min of MVPA per day) is still unclear. One study indicated that children
had marginally higher energy expenditure during exergaming gameplay than sedentary computer
games, but that such gameplay was not enough to meet the PA recommendations for children [23].
This observation was supported by subsequent reviews, which suggested that many exergames
could not engage children in moderate-intensity PA [24], with most exergames only eliciting light
PA [25,26]. Nevertheless, we cannot ignore exergaming’s potential role in facilitating PA and health
promotion—particularly as increasing evidence has indicated that light PA (LPA) can confer health
beneﬁts [27]. Undoubtedly, it is easier for previously inactive children to accumulate more daily PA
time during LPA before progressing toward greater MVPA participation. Hence, exergaming studies
must also quantify children’s LPA during exergaming instead of concentrating exclusively on MVPA.
As exergaming has also been posited as a potential approach to promote PA levels among both
sexes, observations of exergaming’s effectiveness at promoting PA between boys and girls are relevant,
but have been mixed thus far. Some studies have reported that girls were less physically active
than boys during exergaming play [23,28], while other studies did not observe a difference [29,30].
Considering the inconsistency of the observations, the relatively small sample sizes of previous
studies [23,28–30], and the fact that girls are considered a high-priority group for PA promotion [31],
more investigation of exergaming’s ability to promote PA among both sexes is needed within larger
and more diverse samples.
Therefore, the current study aims to: (1) quantify young children’s PA and sedentary behaviors
during exergaming using accelerometry; and (2) examine the sex differences in PA and sedentary
behaviors during exergaming play. Study observations may provide a rationale for using exergaming
as a supplement for more traditional PA promotion (e.g., physical education) in community-based
contexts (e.g., school-based exergaming programs), particularly among girls.
2. Methods
2.1. Participants and Research Setting
A convenience sample of 158 (91 girls) ﬁrst- and second-grade children, aged 6–8 years, were
recruited from one Title-I Texas elementary school in the U.S. All children’s parents were fully informed
of the study’s protocol, which was included on an informational sheet in children’s take-home
backpacks. Parents interested in having their child participate subsequently signed an informed
consent document. Furthermore, children provided assent to participate as well. No data collection
occurred on any child before parental consent and child assent were obtained. Notably, all study
procedures were approved by the University’s Institutional Review Board (IRB) and the school district
prior to data collection commencing. Moreover, all procedures performed with the children were in
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accordance with the ethical standards of the institution and/or national research committee and with
the 1964 Helsinki declaration and its later amendments or comparable ethical standards [32].
2.2. Measurements
PA levels and sedentary behaviors were assessed using ActiGraph GT1M accelerometers
(ActiGraph, Pensacola, FL, USA), which have been proven to be valid and reliable in assessing PA and
sedentary behaviors among children [33]. A 1-s epoch and cutoff points developed by Evenson and
colleagues for children’s PA were used in the present study [34]. Sedentary behavior was corresponded
to 0–100 counts per minute, with LPA and MVPA corresponding to 101–2295 counts and ≥2296 counts
per minute, respectively. Outcome variables were mean percentages of time spent in MVPA, LPA,
and sedentary behavior during exergaming play during each exergaming session. To elaborate,
approximately 20–22 min of PA data was collected during each 30-min exergaming session, with
research assistants documenting the exact gameplay start and stop times. Following data collection,
PA data were cut within ActiLife software to reﬂect the start and stop times of exergaming gameplay,
meaning the percentages of time in MVPA, LPA, and sedentary behavior reﬂect the 20–22-min
gameplay periods.
2.3. Procedures
Children in this cross-sectional study were part of a large 18-week exergaming intervention [35].
Throughout the intervention, an alternating two-week schedule was used. The ﬁrst week included three
days of a 30-min physical education session and two days of a 30-min exergaming session, whereas
the second week was comprised of three and two days of exergaming and physical education sessions
(30 min per session), respectively. Due to holidays and other unexpected class cancellations/activities,
children actually participated in a total of 28 exergaming sessions and attended the exergaming sessions
as a class (17–22 students per class). The accelerometers were placed on each children’s right hip at the
level of the superior iliac crest using an elastic waistband during each exergaming session by trained
research assistants.
Twelve exergaming stations were set up in a large classroom, allowing up to 24 children to play the
games simultaneously (i.e., each station accommodated up to two children). Each station included eight
different Wii games, such as Wii Fit, Just Dance, and Wii Sports, which required children to perform
a series of body movements to interact with onscreen characters and navigate through/successfully
complete each game. Prior to testing, children were instructed how to play each game and were
allowed to familiarize themselves with the games for 8 weeks prior to testing. During each exergaming
session, a trained teacher or research assistant supervised the children during gameplay, with children
transitioning between exergaming stations every 8–10 min. These transitions usually took less than
two minutes, with these transitions allowing children to play all Wii games provided over the course
of the school year, as the children were not allowed to pick the exergames played during these sessions.
Notably, the teacher or research assistant supervising the children did not allow children to choose
with whom they played exergaming, randomly assigning children to play with one another. This is
important as it ensured that highly active friends did not bias exergaming PA measurements upward
and, conversely, that highly sedentary friends did not bias exergaming PA measurements downward.
Following this 18-week intervention, four days of accelerometer measurements were purposively
selected from the 28 exergaming sessions to represent children’s regular PA and sedentary behaviors
well when participating in this PA modality. It is important to note that several sessions lasted longer
or shorter than originally scheduled due to school events or class activities, beyond the different
time spent engaging in line-up/warm-up and cool-down activities in each session. Furthermore, it
should be noted that there were two different seasons (winter and spring) during the data collection
period. As such, the researchers believed it best to select two sessions from each season for each child.
This ensured that any seasonality effect possibly present could be controlled for. Therefore, it was
more accurate for the researchers to purposively select the representative four sessions.
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2.4. Data Analyses
Assuming the coefﬁcient of variation (CV) of MVPA (CV = 0.39) based on the previous study [36],
conﬁdence level as 95%, and 8% level of precision, the required sample size was at least 90 in this
study. Kolmogorov–Smirnov tests assessed normality, with variables described as the mean ± SD for
normally distributed variables. Next, one-way ANOVA and Bonferroni post-hoc tests were used to
determine whether sex differences existed in MVPA, LPA, and sedentary behavior time percentages.
All analyses were conducted using SPSS version 22.0 (SPSS Inc.; Chicago, IL, USA), with a two-sided
p value of ≤0.05 considered as statistically signiﬁcant.
3. Results
Thirty-seven children were removed from the ﬁnal analysis due to missing data on one or more of
the purposively selected four exergaming sessions. The ﬁnal sample was comprised of 37 six-year-old
children (13 boys; 24 girls), 61 seven-year-old children (24 boys; 37 girls), and 23 eight-year-old children
(11 boys; 12 girls). Table 1 presents descriptive statistics for children’s mean percentages of time
spent in MVPA, LPA, and sedentary behavior. Accelerometer data indicated that children’s mean
percentages of time spent in MVPA, LPA, and sedentary behavior were 19.86%, 32.94%, and 47.20%,
respectively. Table 1 also shows the mean percentages of time that children were engaged in MVPA,
LPA, and sedentary behavior during exergaming play by sex. No statistically signiﬁcant sex differences
were identiﬁed for MVPA, LPA, and sedentary behavior. Of note, children of any gender spent more
than 50% of their time in MVPA and LPA.
Table 1. Percentage of time spent in physical activity and sedentary behavior during exergaming.
MVPA
Total (n = 121)
Gender
Boys (n = 48)
Girls (n = 73)

LPA

Sedentary

Mean

SD

Mean

SD

Mean

SD

19.86

7.16

32.94

6.29

47.20

10.68

19.31
20.22

7.15
7.19

33.09
32.84

5.67
6.70

47.60
46.94

9.91
11.21

Note: LPA = light physical activity; MVPA = moderate-to-vigorous physical activity; SD = standard deviation.

4. Discussion
As exergaming may be a viable supplemental approach to promote children’s PA participation,
it is important to objectively quantify children’s PA and sedentary behavior during exergaming
gameplay. These observations indicated that regardless of sex, children spent more than 50% of
exergaming session time participating in PA (MVPA and LPA).
Study observations suggest that exergaming may be able to supplement other PA promotion
strategies among children (e.g., physical education, in-class activity breaks, etc.), particularly for
programs with the objective to increase LPA among previously inactive children. Thus, despite the
current study’s observation that the LPA percentage was greater than the MVPA percentage, reasons
are present as to why exergaming may still be considered a potentially effective supplemental PA
promotion strategy. First, the combined mean percentages for MVPA and LPA participation still
accounted for more than 50% of each exergaming session. Although current recommendations stress
that more than 50% of any PA session should be comprised of MVPA [37], the potential health beneﬁts
derived from engaging in LPA are emerging. Indeed, there is increasing evidence suggesting that
LPA is independently and positively associated with improved health outcomes in children and
adolescents, including reduced total body fat mass [38], some cardiometabolic risk factors [39], and
improved body bone health [40], in addition to cognitive function improvements among boys [41].
Indeed, evidence has suggested the effectiveness of regular PA for health beneﬁts—beneﬁts partially
explained by the increased energy expenditure that any intensity of PA confers versus sedentary
behavior [42], but also because regular PA participation at any intensity (even LPA) results in improved
4
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cardiorespiratory health (e.g., increased arterial elasticity which lowers blood pressure, enhanced
ability to deliver oxygen and other nutrients to muscles, etc.) [43]. Finally, LPA plays an important role
in contributing to the children’s daily total energy expenditure (LPA vs. MVPA: around to 26.6% vs.
25.1%) [44]. Therefore, LPA promotion may still be considered an alternative strategy in improving
health-related outcomes, particularly as children replace sedentary behavior with exergaming or
similar technology-based programs. In fact, considering the potential effect of LPA on health-related
outcomes, the updated youth PA guidelines for youth not only emphasize the importance of MVPA,
but also highlight that several hours of LPA should be performed each day [2].
Exergaming is also not constrained by seasonal weather conditions, meaning this PA modality
could be used to supplement daily segments such as recess or physical education when adverse weather
conditions prohibit outdoor PA engagement. Finally, exergaming may act as an alternative supplement
to physical education and recess as studies have indicated exergaming to increase children’s PA-related
intrinsic motivation [45]—a psychosocial construct considered to be a crucial determinant in children’s
long-term PA engagement [46,47]. Thus, exergaming might be employed as a “stepping stone” to
promote increased PA outside of exergaming sessions, as shown in previous literature [12,48].
The current study also observed no sex differences in PA levels during exergaming gameplay.
Recent studies on sex-related differences in daily PA levels noted that boys had higher PA and
sedentary behaviors than girls—observations consistent across different countries such as the U.S. [49]
and China [9,50]. However, exergaming gameplay did not appear to exhibit these trends. Our
observations are consistent with the previous studies, indicating that there was no difference between
boys and girls for total PA time [51] or average metabolic equivalent (METs) during exergaming [52].
These observations are promising as it indicates that health professionals may be able use exergaming as
an appropriate PA promotion strategy for all children, regardless of sex. However, more investigations
in larger samples akin to the sample in the present study are needed, as past investigations have
reported sex differences for exergaming-related intrinsic motivation and enjoyment [52,53]—constructs
which were signiﬁcantly related to PA levels [46]. Nonetheless, the fact that exergaming developers
strive to develop games which are appealing to both sexes may partially explain the current
study’s observations.
A few study limitations need to be noted for future direction. First, all participants were part
of a convenience sample recruited from a single school in Texas, which limits the generalizability of
the study’s observations to other populations from other geographic locations. Second, it is realized
that the implementation of an exergaming program (or similar programs) is contingent upon school
resources, as the setup of the exergaming classroom within the study school cost approximately
US$3600. Notably, as the exergaming program was able to be implemented by one teacher coordinating
up to 24 children playing on 12 different exergaming stations, this type of exergaming program does
appear feasible to promote both LPA and MVPA among children. Fortunately, this conﬁguration has
been implemented in more than 750 public schools in the State of West Virginia for PA promotion [54].
Third, while this study does highlight the feasibility of implementing an exergaming program for
PA promotion, other technologies may also be used in future studies (e.g., mobile devices), given
the everchanging nature of youths’ current technology interests. Finally, the current study did not
include an analysis of children’s anthropometric, physiological, or psychosocial outcomes—important
components of overall health and wellness, which should be investigated thoroughly and in a
longitudinal manner during future school-based exergaming or technology-based programs.
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5. Conclusions
In conclusion, the current study’s observations indicated that exergaming could facilitate LPA
and MVPA in young children, with no difference in PA participation observed between sexes.
Given exergaming’s cost-effectiveness and resistance to weather conditions, exergaming may be
a supplemental apparatus in promoting PA among young children [55,56]. Future large studies akin
to the current investigation are needed to determine exergaming effectiveness among different age
groups (e.g., older children and adolescents) and settings (e.g., school-based vs. home-based) to further
evaluate the effectiveness of this PA modality for promoting children’s PA.
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advised on analysis and interpretation of the data and critically revised the manuscript. Z.G. conceived and
designed the study, collected the data, and helped to draft the manuscript.
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Abstract: The use of gamiﬁcation in healthcare has been gaining popularity. This prospective,
randomized, clinical trial was designed to evaluate whether gamiﬁcation of the preoperative
process—via virtual reality (VR) gaming that provides a vivid, immersive and realistic
experience—could reduce preoperative anxiety in children. Seventy children scheduled for elective
surgery under general anesthesia were randomly divided into either the control or gamiﬁcation group.
Children in the control group received conventional education regarding the preoperative process,
whereas those in the gamiﬁcation group played a 5 min VR game experiencing the preoperative
experience. Preoperative anxiety, induction compliance checklist (ICC), and procedural behavior
rating scale (PBRS) were measured. Sixty-nine children were included in the ﬁnal analysis (control
group = 35, gamiﬁcation = 34). Preoperative anxiety (28.3 [23.3–36.7] vs. 46.7 [31.7–51.7]; p < 0.001)
and intraoperative compliance measured using ICC (p = 0.038) were lower in the gamiﬁcation group
than in the control group. However, PBRS (p = 0.092) and parent/guardian satisfaction (p = 0.268)
were comparable between the two groups. VR experience of the preoperative process could reduce
preoperative anxiety and improve compliance during anesthetic induction in children undergoing
elective surgery and general anesthesia.
Keywords: preoperative anxiety; virtual reality game; preoperative experience

1. Introduction
Gamiﬁcation, deﬁned as ‘the use of game design elements in non-game contexts’, has been
gaining popularity in healthcare, incorporating elements like points and external rewards to encourage
learning [1]. There are many examples of successful implementation of gamiﬁcation to complement
learning in medical education, given the integration of game-like features, including competition,
narrative, leaderboards, graphics, and other game design elements, that may induce greater motivation
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and engagement [2,3]. In addition to medical education, gamiﬁcation has been reported to be effective
in patient education with various clinical conditions, such as psychological therapy and physical
therapy [4].
With the recent advancement in technology, highly immersive, vivid virtual reality (VR) systems
have been introduced into patient education [5,6]. The main characteristics offered by VR technology
is the high immersion and real-time interaction [7]. A sense of presence in the VR is considered the
major mechanism that enables anxiety to be felt. Meta-analysis demonstrated a positive relationship
between the sense of presence and anxiety during VR exposure therapy to manage anxiety disorders [8].
Another study also examined the inﬂuence of real or virtual social stimuli on stress reactivity with
a 5 min public speaking task, and the result showed comparable increases in salivary cortisol and
cardiovascular reactivity in both the real and the virtual public speaking group [9]. These results
show a promising future for the application of VR in various therapies. In a previous investigation,
a 360 degree VR tour of the operating room was shown to be useful in providing a consistent, vivid,
and immersive experience of the preoperative process, signiﬁcantly reducing preoperative anxiety
without physical and ﬁnancial limitations [6].
Distress during the preoperative period usually leads to preoperative anxiety, with incidences
of 40–60% [10]. Preoperative is also associated with adverse consequences, such as emergence
delirium, higher postoperative pain, and postoperative maladaptive behavioral changes [11–13].
The authors hypothesized that the integration effect of gamiﬁcation (motivation and engagement) and
VR technology (immersion and reality) may provide a novel platform to increase active participation
and motivation in pediatric patients. Therefore, this prospective, randomized, controlled study was
performed to identify whether gamiﬁcation of the preoperative process—via VR gaming—would
induce a reduction in preoperative anxiety and an improvement in the compliance of pediatric patients
undergoing general anesthesia and elective surgery.
2. Methods
2.1. Study
The protocol of this prospective, randomized, and controlled trial was approved by the
institutional review board (IRB) of Seoul National University Bundang Hospital (IRB number:
B-1801-445-302) and registered at University hospital Medical Information Network (UMIN) Clinical
Trials Registry (registration number: UMIN000031252). Written informed consent was obtained from
all parents/guardians of pediatric patients, and children aged 7 years or older signed additional
agreements directly after receiving detailed instructions with their parents/guardians. This study was
conducted at the Seoul National University Bundang Hospital between February and April of 2018.
2.2. Patients
A total of 70 American Society of Anesthesiologist (ASA) physical status I or II children, aged
4–10 years, undergoing elective day surgery and general anesthesia were enrolled in this study.
The exclusion criteria were as follows: children requiring major surgery or postoperative intensive care;
those with history of prematurity or congenital disease; those with hearing impairment; those with
cognitive deﬁcits or cognitive and intellectual developmental disabilities; those with prior experience
of anesthesia; those taking psychoactive medications; and those with a history of epilepsy or seizure.
Using a computer-generated randomization code (Random Allocation Software version 1.0; University
of Medical Sciences, Isfahan, Iran), the enrolled patients were randomly allocated to one of two
groups—the control or gamiﬁcation group. Randomization was performed by an independent
anesthesiologist who was only responsible for patient assignment 2 h before the arrival of patients in
the reception area of the operating room.
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2.3. VR Game
A 5 min VR game was produced in collaboration with a VR game producing company
(JSC GAMES, Seoul, Korea). In the VR game, pediatric patients experienced the preoperative process
and general anesthesia induction in a 360 degree, three-dimensional virtual environment, through
ﬁrst-person perspective (Figure 1a). Game elements, including virtual world, progression, exploration,
challenge, and rewards, were incorporated. The player is ﬁrst asked to change into a surgical gown
after the conﬁrmation of patient ID. Upon conﬁrmation, the player is transported to the operating room
(OR). The player is given the opportunity to explore and interact with the OR environment, including
monitoring devices—i.e., ECG, saturation monitor, and non-invasive blood pressure (Figure 1b).
When the player selects a device, a detailed description of its function is presented. In addition,
the player is given the opportunity to learn how to properly breathe with the facial oxygen mask.
The player is given the opportunity to choose a mask, based on the preferred fragrance, which
included orange, cherry, or bubble gum. Following the instructions prompted in the game, the player
is faced with challenges to defeat the germ monster. Each time the player advances to the following
preoperative step, they are rewarded ‘health points’. During the game, Chatan and Ace, famous
animation characters of an animated ﬁlm ‘Hello Carbot’ (ChoiRock Contents Factory, Seoul, Korea),
explains the process in detail, encouraging players to cooperate appropriately. Permission to use
these animation characters had been obtained (licensing agreement with ChoiRock Contents Factory).
A head-mounted VR display, Oculus rift (Oculus VR, Menlo Park, CA, USA), and a hand and ﬁnger
motion controller, Leap Motion Controller (Leap Motion, San Francisco, CA, USA) were used to play
the VR game (Figure 1c).

(a)

(b)

(c)

Figure 1. Virtual reality video game. (a) Players experience general anesthesia induction in a 360 degree,
three-dimensional virtual environment, through ﬁrst-person viewpoint; (b) can interact with virtual
devices; (c) with a head-mounted VR display and a hand and ﬁnger motion controller.

2.4. Intervention
Baseline modiﬁed Yale Preoperative Anxiety Scale (m-YPAS) was performed by a blinded single
evaluator at the time of admission. After measurement of the baseline m-YPAS, randomization
was performed by an independent anesthesiologist, not otherwise involved in the trial using a
computer-generated randomization code (Random Allocation Software version 1.0; University of
Medical Sciences, Isfahan, Iran) with an allocation ratio of 1:1. An opaque envelope containing
sequential numbers was transferred to a researcher, and the intervention was performed in an empty
room 1 h prior to entering the operating room. For pediatric patients and parents/guardians in the
control group, the conventional mode of education about the preoperative process was provided.
Children in the gamiﬁcation group played a 5 min VR game to experience the preoperative process.
After the intervention, children and parents/guardians were encouraged to ask questions about the
preoperative procedure and anesthesia to the researcher.
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2.5. Anesthesia
Without premedication, children were transported to the operating room with their
parent/guardian. Monitoring devices, including ECG, non-invasive blood pressure, and oxygen
saturation, were applied. Induction of general anesthesia was performed by an anesthesiologist
with at least 4 years of experience using intravenous (thiopental sodium, 5 mg/kg) or inhalation
agent (sevoﬂurane) with a facial mask in oxygen. After conﬁrming the loss of consciousness and
disappearance of eyelid reﬂex, the concentration of sevoﬂurane was increased and intravenous muscle
relaxant (rocuronium, 0.3–0.6 mg/kg) was administered. Then, parent/guardian was guided to
the waiting room. Endotracheal intubation was performed following sufﬁcient muscle relaxation.
During the operation, anesthetic depth was maintained with 1–1.5 MAC sevoﬂurane. Reversal agents
of muscle relaxant (glycopyrrolate and neostigmine) were administered after the surgery. Extubation
was done, and patients were transferred to the post-anesthesia care unit (PACU).
2.6. Study Outcomes
All outcomes were assessed by a blinded single evaluator to exclude any possible interrater bias.
The primary outcome was preoperative anxiety, which was measured using the validated Korean
version of the modiﬁed Yale Preoperative Anxiety Scale (m-YPAS; Supplementary Table S1) [14].
The m-YPAS was evaluated twice: once at the time of admission prior to the intervention
(baseline) and once just before the transportation from the reception area to the operating room
for anesthetic induction (pre-anesthetic). Secondary outcomes included induction compliance
checklist (ICC; Supplementary Table S2) [15], procedural behavior rating scale (PBRS; Supplementary
Table S3) [16], and parent/guardian’s satisfaction scores. ICC represents compliance of patients
during induction of anesthesia, and PBRS describes the behavior in a stressful medical procedure.
High scores of m-YPAS, ICC, and PBRS represented high anxiety, poor compliance, and increased
stress, respectively. Parents/guardians were guided to the waiting room right after the induction
of anesthesia, and they were asked to rate the satisfaction about the overall preoperative process of
general anesthesia using a numerical rating scale (101 NRS; 0, very dissatisﬁed; 100, very satisﬁed).
2.7. Statistical Analysis
Power analysis was performed using G*Power 3.1.2 (Heinrich-Heine University, Düsseldorf,
Germany). A previous study reported that the mean (SD) of m-YPAS score was 30.1 (8.4) in the
control group undergoing elective surgery [17]. For clinical signiﬁcance of the effect of the VR game,
a reduction of 20% of the m-YPAS score was necessary. A sample size of 35 children per group
was calculated with power of 0.8, signiﬁcance level of 0.05, and 10% dropout rate. SPSS version
21.0 (SPSS Inc., IBM, Chicago, IL, USA) was utilized for all statistical analyses. The test of normal
distribution was assessed using Shapiro-Wilk test. Continuous data (age, height, weight, BMI,
induction time, anesthesia time, operation time, m-YPAS, PBRS score, and satisfaction scores) are
presented as the median (interquartile range [IQR]), and categorical variables (gender, ASA physical
class, induction agent, type of surgery, ICC score) are shown as numbers (%). Mann–Whitney U
test was used for the analysis of continuous variables, and χ2 test or Fisher’s exact test was used for
categorical variables. A full analysis set was used for data analysis. All of the reported p-values are
two-sided. A p value of less than 0.050 was considered to indicate statistical signiﬁcance.
3. Results
Of the 73 screened pediatric patients, 3 were excluded (2 declined to participate, and 1 met the
exclusion criteria for cognitive deﬁcit); the remaining 70 patients were randomly allocated to one of two
groups: the control or gamiﬁcation group (35 patients in each group). One child in the gamiﬁcation
group was excluded after randomization because the operation was cancelled. Thus, 69 children
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completed the study (Figure 2). There were no signiﬁcant differences in the characteristics of patients,
anesthesia, and surgery between the two groups (Table 1).

Figure 2. Consort diagram.
Table 1. Patients, anesthesia and surgery characteristics.

Age (year)
Height (cm)
Weight (kg)
BMI (kg/m2 )
Gender (M/F)
ASA physical class (I/II)
Induction time (min)
Anesthesia time (min)
Operation time (min)
Type of surgery
Otolaryngeal
Ophthalmic
Dental
Others

Control Group
(n = 35)

Gamiﬁcation Group
(n = 34)

6 (5−8)
116.7 (109.8–127.3)
21.3 (18.9–28.6)
16.8 (15.7–17.6)
22 (63)/13 (37)
34 (97)/1 (3)
6 (4.5–8)
40 (35–50)
20 (17.5–25)

5 (5−7)
114.7 (108.7–125.7)
20.9 (18.4–28.9)
16.3 (15.2–17.3)
18 (53)/16 (47)
33 (97)/1 (3)
6 (5–7.8)
42.5 (35–50)
20 (15–30)

12 (34)
14 (40)
4 (11)
5 (15)

17 (50)
12 (35)
2 (6)
3 (9)

p Value
0.170
0.618
0.529
0.400
0.469
>0.999
0.789
0.479
0.997
0.569

VR: virtual reality; ASA: American Society of Anesthesiologist; Induction time: time from the entrance into the
operating room to intubation. Data are expressed as median (interquatile range [IQR]) or numbers (%).

There was no substantial difference between the two groups with respect to the baseline anxiety
before the intervention. However, the pre-anesthetic m-YPAS scores of the gamiﬁcation group were
signiﬁcantly lower than those of the control group after the intervention (28.3 [23.3–36.7] vs. 46.7
[31.7–51.7]; p < 0.001, Table 2). Moreover, the changes of m-YPAS scores before and after the intervention
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were also signiﬁcantly different between the two groups (−22.5 [−29.6–14.2] vs. 0 [−20–4.2]; p = 0.002,
Table 2).
Compliance during induction of anesthesia was measured with ICC; a greater number of pediatric
patients in the gamiﬁcation group showed better compliance than in the control group (p = 0.038,
Table 2). However, stressful behaviors during anesthetic induction that were evaluated with PBRS
were comparable between the two groups (p = 0.092, Table 2). Parent/guardian satisfaction about
the overall preoperative process of general anesthesia was similar in both groups (p = 0.268, Table 2).
This section may be divided by subheadings. It should provide a concise and precise description of the
experimental results, their interpretation as well as the experimental conclusions that can be drawn.
Table 2. Preoperative anxiety, induction compliance, and stressful behaviors of children and
parental satisfaction.
Control Group
(n = 35)

Gamiﬁcation Group
(n = 34)

p Value

m-YPAS

baseline
preanesthetic
difference

50.0 (43.3–65)
46.7 (31.7–51.7)
0 (−20–4.2)

51.7 (46.7−67.5)
28.3 (23.3−36.7)
−22.5 (−29.6–−14.2)

0.389
<0.001
0.002

perfect (0)
moderate (1–3)
poor (>4)

19 (54)
13 (37)
3 (9)

27 (79)
7 (21)
0 (0)

0.038

ICC score

1 (0–2)

0 (0–1)

0.092

100 (90–100)

100 (90–100)

0.268

PBRS score
Satisfaction Score (101 NRS)

m-YPAS: modiﬁed Yale Preoperative Anxiety; ICC: induction compliance checklist; PBRS: procedural behavior
rating scale; NRS: numerical rating scale (0, very dissatisﬁed; 100, very satisﬁed). Data are expressed as median
(IQR) or numbers (%).

4. Discussion
To the best of our knowledge, this is the ﬁrst clinical study showing the outcome of using
gamiﬁcation—via VR technology—to educate pediatric patients in preparation for general anesthesia.
The result of the current study showed that VR game reduced preoperative anxiety and improved
compliance during anesthetic induction in children undergoing elective surgery and general anesthesia.
Gamiﬁcation—as a means to educate patients to improve health outcomes—has previously
been introduced and investigated, especially in the ﬁeld of psychological and physical therapy [4].
Preoperative anxiety is a major concern in pediatric anesthesia because it may induce severe distress
and various negative effects in children [10]. With the advancement of VR technology, a recent trial
incorporated VR technology and found that preoperative anxiety was reduced by 30% in the VR
group compared with the conventional education group [6]. During cognitive behavioral therapy for
anxiety disorder, patients were exposed to anxiety-provoking situations, both in real life or via VR
experience. They showed that the sense of presence is positively correlated with the level of anxiety [8].
Additionally, a comparable increases in stress response, such as salivary cortisol and cardiovascular
reactivity, were observed in both the real and VR groups, suggesting the usefulness of VR applications
in anxiety therapy [9]. Therefore, VR exposure can be considered as a practical alternative to traditional
exposure, since it offers more control over the anxiety level of the stimulus. The current study
evaluated the effects of gamiﬁcation—via VR gaming—on preoperative anxiety. The result showed
that experiencing the preoperative process via VR game may effectively reduce anxiety in pediatric
patients (about 40%). The result of the current study may be explained by the combined effect of
gamiﬁcation (motivation and engagement) and VR experience (immersion and reality).
High ICC scores indicate less behavioral compliance [15], and the ICC scores of the present study
were stratiﬁed into three categories (perfect, moderate, and poor) for the purpose of analysis. Children
with VR game experience were more compliant during the induction of anesthesia than those with
conventional education. Pediatric patients who played the VR game may be more familiar with the
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operating room environment and the preoperative process than those who received the conventional
education, leading to higher compliance during the induction of anesthesia.
The PBRS score was measured during the induction of anesthesia to assess the degree of distress
in children. However, there was no difference in PBRS between the two groups. This phenomenon
may be because PBRS was more useful for assessing the distress and pain during painful procedures
and postoperative period [16].
This study has some limitations. First, this study used the conventional preoperative education
method in the control group. This is because our institution had been using this method to mitigate
preoperative anxiety in children. The use of the same interactive VR intervention without the
gamiﬁcation component in the control group could reveal the true effect of gamiﬁcation on preoperative
anxiety. Second, there was no data available regarding the use of VR intervention or users’ experiences,
such as a measurement of the sense of presence. The current study was performed not to measure
the effectiveness of VR intervention, but to identify whether gamiﬁcation of the preoperative process,
using VR, would reduce preoperative anxiety. Additionally, the sense of presence is measured with
presence questionnaires [18], which is not clinically suitable for children undergoing anesthesia and
surgery. Third, repeated measures analysis of variance (RM ANOVA) is the standard method for
randomized controlled trials; however, it was not used for the analysis of the data in this study since the
residual of the data did not follow a normal distribution. Therefore, the changes in preoperative anxiety
(before and after treatment) were analyzed, and we found signiﬁcant differences between the groups.
Fourth, there is the possibility that the baseline m-YPAS may have been affected by randomization
since children may ﬁgure out or explicitly ask the staff about their allocation at the time of collecting
the pre-measurements. However, the baseline m-YPAS was collected before randomization, and the
assessor was blinded to patient allocation.
5. Conclusions
Gamiﬁcation—via the use of VR game—on the experience of the perioperative process appears
to reduce preoperative anxiety and improve compliance during anesthetic induction in children
undergoing elective surgery and general anesthesia. However, further study with the same interactive
VR intervention without the gamiﬁcation component as the control group may be necessary to
investigate the true effect of gamiﬁcation on preoperative anxiety. Gamiﬁcation of the preoperative
process may be a necessary component of pediatric patient education in reducing preoperative anxiety.
It is a low-cost and easy-to-use tool with potential beneﬁts. Nonetheless, a further investigation is
needed to measure the effectiveness of users’ experiences with gamiﬁcation.
Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/7/9/284/s1,
Supplementary Table S1: modiﬁed Yale Preoperative Anxiety Scale, Supplementary Table S2: induction compliance
checklist, Supplementary Table S3: procedural behavior rating scale.
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Abstract: We assessed the agreement of two ActiGraph activity monitors (wGT3X vs. GT9X) placed
at the hip and the wrist and determined an appropriate epoch length for physical activity levels
in an exergaming setting. Forty-seven young adults played a 30-min exergame while wearing
wGT3X and GT9X on both hip and wrist placement sites and a heart rate sensor below the chest.
Intraclass correlation coefﬁcient indicated that intermonitor agreement in steps and activity counts
was excellent on the hip and good on the wrist. Bland-Altman plots indicated good intermonitor
agreement in the steps and activity counts on both placement sites but a signiﬁcant intermonitor
difference was detected in steps on the wrist. Time spent in sedentary and physical activity intensity
levels varied across six epoch lengths and depended on the placement sites, whereas time spent
from a 1-s epoch of the hip-worn monitors most accurately matched the relative exercise intensity by
heart rate. Hip placement site was associated with better step-counting accuracy for both activity
monitors and more valid estimation of physical activity levels. A 1-s epoch was the most appropriate
epoch length to detect short bursts of intense physical activity and may be the best choice for data
processing and analysis in exergaming studies examining intermittent physical activities.
Keywords: active video game; accelerometry; physical activity assessment; epoch; placement site;
heart rate

1. Introduction
An accelerometer is an electromechanical device used to measure acceleration forces and thereby
detect motions [1]. Since accelerometry functions are applicable to wearable activity monitors,
accelerometer-based activity monitors have been widely accepted as a useful and practical device
for monitoring and tracking physical activity as well as predicting energy expenditure [2]. Further,
the use of accelerometer-based activity monitors signiﬁcantly contributes to the ﬁeld of physical
activity and health, such as the development of physical activity classiﬁcation [3,4], estimation of the
mortality [5], and application for different research settings [6,7]. As such, physical activity assessment
must be accurate; thus, researchers have validated accelerometer properties, placements, and/or data
processing in regular physical activity settings [2] but seldom in exergaming settings.
Exergaming combines body movements and video gaming and requires bilateral coordination
skills of both upper and lower limb movement for different movement patterns (e.g., punching, kicking,
jumping) in response to visual cues [8]. Since exergaming increases energy expenditure and achieves
moderate-to-vigorous levels of physical activity [9,10], it has been widely implemented in clinical
settings [11] as well as in laboratory, home, schools, and the community [12] as an innovative and
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alternative strategy to promote physical activity and health. To our knowledge, no exergaming studies
have processed accelerometry data into quantiﬁable and interpretable information involving different
monitors, placement sites, epoch lengths, or activity cut-points [2]. There is thus an urgent need to
validate the use of accelerometry for the assessment of physical activity in exergaming research.
In comparing subjective methods (e.g., diaries, questionnaires) for physical activity assessment,
accelerometer-based activity monitors are regarded as the gold standard in detecting steps and
quantifying the volume and intensity of physical activity [1]. Such activity monitors have been
used in a wide range of applications and in a variety of clinical and research settings [2]. Despite their
frequency of usage, validation studies have reported discrepancies in steps or physical activity levels
when comparing activity monitors of different brands (e.g., activPAL, Hookie AM20, Polar Active
vs. ActiGraph) at different placement sites [7,13,14]; these validation studies have mostly assessed
regular physical activities (e.g., walking, running) [15,16] or free-living activities [15,17], but one recent
study compared the output of different monitors (pedometer vs. accelerometer) in an exergaming
setting [18].
One of the most commonly used activity monitor brands in physical activity research, ActiGraph
has developed multiple generations of activity monitors [19]. Researchers have validated different
ActiGraph activity monitors—including GT3X vs. GT1M [4], GT1M, GT3X, vs. GT3X+ [20],
and recently, GT3X+ vs. GT9X [21]—placed at different sites such as hip vs. wrist [15,22,23] during
various physical activities. Although a hip placement site has been validated as an ideal location for
accurately measuring steps and physical activity level in regular physical activities [15], the evaluation
of multiple placement sites (hip vs. wrist) in exergaming research is needed as more upper limb
movements (unlike most regular physical activity) are required for exergaming [8]. In addition,
validation studies mainly focusing on young people (from preschoolers to adolescents) have evaluated
epoch lengths using different sets of activity cut-points [24–26], which impact the assessment of
sedentary behavior and the different levels of physical activity intensity [25,27]. Since the exergaming
play we chose to evaluate here features acute bouts of intermittent and spontaneous physical activity,
shorter epochs might be a better choice for capturing short bouts of frequently occurring activity [2].
To date, there have been no studies comparing the effect of placement sites and epoch lengths on output
especially from exergaming play or in young adults [2]; thus, the most appropriate accelerometer data
collection and scoring protocol remains unclear.
Of particular relevance here, studies comparing physical activity levels from different epoch
lengths have not validated theses assessments with absolute measures of exercise intensity via indirect
calorimetry (e.g., oxygen uptake, metabolic equivalent) or relative measures of exercise intensity via
heart rate (HR) monitoring (e.g., %HRmax, %HR reserve (HRR)) [25,26,28,29], which can be used as
comparators to determine an appropriate epoch length for the accuracy of physical activity assessment.
Whereas either relative or absolute measures can be used for classifying different levels of physical
activity intensity [30], the use of relative measures in comparing epoch lengths should be more feasible
and effective for such an assessment [4,31]. We believe that studies comparing epochs between activity
counts and HR have never been reported, especially in an exergaming setting.
We aimed to examine the agreement of two recent generations of ActiGraph monitors (wGT3X-BT
and GT9X Link, referred to below as wGT3X and GT9X, respectively) placed at different sites (hip and
wrist). We sought to determine the most appropriate epoch length for physical activity assessment
when validated using measurements of relative exercise intensity such as HR in healthy young adults
in an exergaming setting. Our ﬁndings provide insight into effective data collection strategies for
exergaming research, thereby improving the accuracy of physical activity assessment.
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2. Materials and Methods
2.1. Participants
We recruited 47 healthy young adults of different ethnic backgrounds and both genders who
spoke English from a university in the northeastern region of the United States via web advertisements
and ﬂyers. Participants were eligible if they met the following conditions: (1) were between 18 and
25 years old; (2) were free from physical disability (e.g., gait abnormalities); and (3) were not a current
or former user of tobacco. Our study was approved by the Institutional Review Board of Northeastern
University and all participants signed a written consent form for their participation.
2.2. Study Procedures and Instruments
We used a cross-sectional design and collected data from 22 March 2017 to 21 September 2017.
Once a participant arrived at the laboratory, we provided the participant with an orientation on study
procedures and potential risks. We measured their weight and height and computed their body mass
index (BMI; kg/m2 ). We used ActiGraph tri-axial monitors (ActiGraph LLC, Pensacola, FL, USA)
including wGT3X (46 × 33 × 15 mm, mass 19 g) and GT9X (35 × 35 × 10 mm, mass 14 g). We rotated
and counterbalanced the placement of the ActiGraph monitors to avoid any potential order or
placement effects.
Using the ActiLife software v.6.13.2 (ActiGraph LLC, Pensacola, FL, USA), we initialized four
ActiGraph tri-axial monitors at a sampling rate of 30 Hz and set the Bluetooth wireless function
for a wrist-worn GT9X to integrate with a Polar H7 Bluetooth heart rate sensor (Polar Electro Inc.,
Lake Success, NY, USA) for continuous heart rate measurement. We positioned a wGT3X with a belt
clip and GT9X with an elastic belt at the anterior axillary line of the nondominant hip and another
wGT3X with a nylon band and GT9X with a silicone band on the nondominant wrist [14]. We also
placed a Polar H7 Bluetooth heart rate sensor on the chest with a soft textile strap.
After we conﬁrmed that all devices worked properly, participants played for three 10-min
segments for a total of 30 min. Each segment comprised 2 min of passive rest (standing) followed by
8 min of playing Kung-Fu for Kinect (http://www.kungfuforkinect.com), which involves upper and
lower movements via a Kinect sensor on an Xbox One console (Microsoft Inc., Redmond, WA, USA).
While playing the exergame, a participant could see his/her own body on the screen and fought
enemies using his/her own moves in a 2D ﬁghting adventure environment. When different enemies
appeared on the screen, a participant engaged them with a variety of intermittent and spontaneous
movement patterns and skills (e.g., jumping, punching, kicking). The intensity level of the exergaming
was determined by continuous HR measurement as described above and self-assessment using the
Borg rating of perceived exertion (RPE) [32] before and immediately after the 30-min exergaming play.
We monitored the play time and recorded the start and end time of each interval on a study checklist.
2.3. Accelerometry Procedure and Data Reduction
The ActiGraph tri-axial monitors measure accelerations from the subject’s amplitude (g) and
frequency (Hz) of movement in three individual axes (X axis: anterior-posterior, Y axis: vertical,
Z axis: medial-lateral). Using the ActiLife software v.6.13.2, we transferred the collected data from the
monitors and downloaded the activity counts from the three axes and vector magnitude (VM) obtained
from all three axes (x2 + y2 + z2 )1/2 with six epoch lengths (1, 5, 10, 15, 30, and 60 s). We used the
two popular and validated Sasaki and Troiano’s activity cut-point sets [3,4] as appropriate for adults
to estimate the amount of time spent in sedentary behavior (SB) and light (LPA), moderate (MPA),
vigorous (VPA), and very vigorous physical activity (VVPA): (1) Sasaki’s cut-points [4] (e.g., a 60 s
epoch (counts per minute, CPM): ≤150, 151–2690, 2691–6166, 6167–9642, and >9642) for the categories
of SB, LPA, MPA, VPA, and VVPA, respectively, and (2) Troiano’s cut-points [3] (e.g., a 60 s epoch
(CPM): ≤100, 101–2019, 2020–5998, and ≥5998) for SB, LPA, MPA, and VPA. We combined Sasaki’s
VVPA with VPA for subsequent data analysis. Sasaki did not report classiﬁcations of either SB or LPA;
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thus, we used ≤150 and 151–2690 to deﬁne these categories, respectively, as 150 CPM may be the
most appropriate cut-point to use to deﬁne SB for ActiGraph monitors [2,33]. We then converted the
dataset into another of ﬁve shorter epoch lengths (1, 5, 10, 15, and 30 s) and recalculated the sedentary
and physical activity intensity levels for subsequent data analysis. We also summed the step counts
calculated from the built-in algorithm of the ActiLife software using a zero-crossing method based on
raw accelerations from the vertical axis [1].
We downloaded HR data recorded at every second as a 10-s interval dataset. To compare
intensity assessed indirectly via HR with the categories from activity counts in six epoch lengths,
we calculated the amount of time spent in SB (<57), LPA (57–63), MPA (64–76), and VPA (>77) based on
the categories of relative exercise intensity (%HRmax) [30] after adjusting for age-predicted maximal
HR [208 − (0.7 × age)] [34].
2.4. Statistical Data Analyses
We ran statistical data analysis separately for the hip and the wrist. Of the 47 subjects, we analyzed
47 datasets from the wrist but only 45 datasets from the hip for activity counts due to a technical
problem with two of the monitors. Additionally, of the 47 subjects, 41 datasets for heart rate were
analyzed; ﬁve were excluded due to inappropriate data for analysis (namely, logging more than 25 of
30 min at the sedentary level) and a technical problem for one additional monitor.
We used intraclass correlation coefﬁcients (ICC) to examine intermonitor agreement in steps
and activity counts using the following categories [35]: poor (<0.5); moderate (0.5–0.75); good
(0.75–0.9); and excellent (>0.9). We conﬁrmed this using a Bland-Altman analysis to assess the
mean bias and limits of agreement and calculated mean bias % as (GT9X − wGT3X)/mean% [36].
For the Bland-Altman plots and ICC analyses, we used Sasaki’s activity cut-points to compare steps,
each axis count (CPM), and VM (CPM) between wGT3X and GT9X placed on the hip or the wrist.
Additionally, due to the orientation difference of the wGT3X and GT9X monitors when worn on
the wrist, we compared data from the Y and X axes in the GT9X to the data from the X and Y
axes in the wGT3X, respectively, according to the manufacturer’s suggestion (J. MacDonald, written
communication, May 2018) (see Supplemental Figure S1). We also performed a repeated measures
ANOVA: (1) to assess the mean differences of steps, the three axes’ activity counts, and the VM between
the monitors; (2) to test for an interaction for time spent in SB and the different levels of physical
activity intensity in six epoch lengths with two monitors and two activity cut-point sets; and (3) to
compare the mean amount of time spent in SB and different levels of physical activity intensity assessed
via HR and activity counts (categorized separately using the two activity cut-point sets) in six epoch
lengths averaged from two monitors. When a signiﬁcant interaction was observed, we performed a
Tukey’s post hoc test to identify pairwise differences. All statistical data analyses were conducted with
IBM SPSS 24.0 (IBM Corp., Armonk, NY, USA). The criterion for signiﬁcance was p < 0.05. Data are
presented as mean ± standard deviation.
3. Results
3.1. Descriptive Analysis
Participants (N = 47; 25 males) were, on average, 21.4 ± 2.2 years old, 171.9 ± 10.6 cm in height,
and 68.0 ± 16.6 kg in weight, and had a BMI of 23.2 ± 4.7 for body mass index. They consisted of
40.4% Caucasian, 2.1% African American, 44.7% Asian, 6.4% Hispanic/Latino, and 6.4% mixed races
or ethnicities. All participants engaged in an approximately 30-min exergaming session. The mean
HR during the exergaming was 130.1 ± 22.4 beats/min and the means of RPE before and after the
exergaming were 8.3 ± 2.0 and 13.1 ± 2.8, respectively, indicating a moderate intensity level of
physical activity.
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3.2. Agreement between GT9X and wGT3X Placed on Hip and Wrist
As shown in Table 1, the ICC estimate with a 95% conﬁdence interval indicated excellent
agreement in steps, X axis, Y axis, and VM and good agreement in the Z axis between GT9X and
wGT3X on the hip placement site, whereas there was good agreement in steps, X axis, Y axis, Z axis,
and VM on the wrist placement site.
Table 1. Interclass correlation coefﬁcient between GT9X and wGT3X in steps and activity counts.
Interclass Correlation Coefﬁcient

95% Conﬁdence Interval

Hip

Steps
Anterior-posterior (X) axis
Vertical (Y) axis
Medial-lateral (Z) axis
Vector magnitude

0.94
0.93
0.93
0.86
0.95

0.89–0.97
0.88–0.96
0.87–0.96
0.77–0.92
0.92–0.97

Wrist

Steps
Anterior-posterior (X) axis
Vertical (Y) axis
Medial-lateral (Z) axis
Vector magnitude

0.80
0.83
0.87
0.86
0.89

0.66–0.88
0.71–0.90
0.77–0.92
0.77–0.92
0.81–0.94

The Bland-Altman plots illustrating the agreement between GT9X and wGT3X in steps and
tri-axis activity counts with means and a 95% conﬁdence interval are depicted in Figure 1. We found
considerable agreement between GT9X and wGT3X on the hip site, as indicated by mean bias
differences of 1.1% in steps, −4.0% in X axis, −4.4% in Y axis, −7.4% in Z axis, and −4.2% in VM.
We found reasonably good agreements on the wrist, as indicated by mean bias differences of 2.1% in
X axis, 0.5% in Y axis, 0.1% in Z axis, and 0.9% in VM; however, there was relatively poor agreement in
terms of steps (a mean bias difference of 21.4%) between the monitors.
The step difference between the monitors was signiﬁcant on the wrist (F1,47 = 73.42, p < 0.001),
with steps reported from the GT9X (1418.5 ± 354.1) higher than that from the wGT3X (1144.2 ± 285.9).
However, this difference was not signiﬁcant on the hip (F1,45 = 0.02, p = 0.903), which had similar step
counts reported by the GT9X (525.0 ± 310.6) and the wGT3X (522.3 ± 329.3) (Figure 2). There was no
signiﬁcant difference in the X, Y, Z, or VM (CPM) between monitors placed on the wrist and those
placed on the hip (Table 2). The wrist-worn monitors produced higher steps (Figure 2), tri-axial counts,
and VM than the hip-worn monitors (all, p < 0.001) (Table 2).

Figure 1. Cont.
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Figure 1. Bland-Altman plots and intraclass correlation (ICC). The solid line represents the mean bias
(M), whereas the dotted line indicates the limits of agreement computed as the mean bias plus or minus
1.96 times its standard deviation (s). ICC represents intraclass correlation that measures the agreement
of measurements between the GT9X and wGT3X. Data in Figure (a–e) are from the hip-worn monitors,
whereas data in Figure (f–j) are from the wrist-worn monitors.

Figure 2. Average step counts. Box plot with scatter represents 25th percentile at bottom and 75th
percentile at top with the highest, median, and lowest value. ** p < 0.001: higher steps in GT9X vs.
wGT3X on the wrist; higher steps in wrist vs. hip.
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33.9
±19.3
55.0
±24.6
49.4
±22.7
89.2
±38.0
355.6
±98.0
298.2
±77.9
279.0
±72.5
561.1
±137.5

6.8
±3.9
11.0
±4.9
9.9
±4.5
18.8
±8.0
71.1
±19.6
59.6
±15.6
55.8
±14.5
115.9
±28.2

Vertical Axis (Y), Counts

Anterior-Posterior Axis (X), Counts

Medial-Lateral Axis (Z), Counts

Vector Magnitude, Counts

Vertical Axis (Y), Counts

Anterior-Posterior Axis (X), Counts

Medial-Lateral Axis (Z), Counts

Vector Magnitude, Counts

261.1
±111.5

148.4
±68.2

165.3
±74.0

101.9
±57.9

1113.0
±273.7

558.3
±145.1

596.7
±155.9

711.4
±196.1

1663.4
±410.3

837.8
±218.1

895.4
±234.1

1067.5
±294.5

wGT3X Wrist **

175.5
±74.8

98.9
±45.5

110.1
±49.3

67.9
±38.6

15

wGT3X Hip
10

3314.3
±819.9

1677.7
±436.5

1793.0
±468.9

2137.7
±589.6

517.3
±221.3

297.2
±136.6

330.9
±148.1

204.0
±116.1

30

6625.0
±1645.9

3364.4
±877.3

3596.0
±941.3

4287.1
±1184.6

1026.2
±440.0

594.5
±273.3

661.9
±296.6

407.7
±232.9

60

117.2
±30.0

55.9
±15.6

71.7
±20.8

61.0
±15.9

18.5
±8.3

9.6
±4.9

10.6
±4.8

7.0
±4.2

1

567.7
±146.5

279.9
±78.2

358.8
±104.3

305.1
±79.6

87.8
±39.3

48.2
±24.4

53.0
±23.9

34.8
±21.0

5

256.9
±115.2

144.8
±73.1

159.1
±71.6

104.6
±63.1

1125.9
±291.7

559.9
±156.4

717.8
±208.6

1682.5
±436.9

840.2
±234.8

1077.1
±313.0

915.9
±239.1

GT9X Wrist **

172.6
±77.2

96.5
±48.8

106.0
±47.7

69.7
±42.1

15

GT9X Hip
10

610.4
±159.3

** p < 0.001: higher tri-axial activity counts and vector magnitude in the wrist than the hip.

5

1

Table 2. Average of activity counts based on the six epoch lengths.

30

3352.3
±872.7

1682.3
±469.7

2156.6
±626.4

1833.7
±478.7

508.4
±228.3

289.8
±146.5

318.5
±143.4

209.2
±126.4

60

6698.1
±1746.1

3372.0
±941.1

4323.0
±1254.6

3675.7
±960.0

1010.6
±454.7

580.5
±293.5

638.0
±287.6

419.0
±253.4
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3.3. Time Spent in Sedentary and Physical Activity Intensity Levels
Since there were no signiﬁcant interactions between epoch lengths, monitors, and activity
cut-point sets, we ran an analysis on the effect of epoch lengths on sedentary and physical activity
intensity levels assessed using the two monitors and the two sets of activity cut-points (Figure 3
and Supplemental Table S1). The effect of epoch lengths on activity levels was signiﬁcant on the hip
(F5, 1080 = 6.26, p < 0.001), indicating that the shortest epoch (1 s) was signiﬁcantly related to more time
spent in SB (all, p < 0.001), less time spent in LPA (all, p < 0.001) and in MPA (all, p < 0.001) and more
time spent in VPA (all, p < 0.001) compared to the other ﬁve longer epochs. In addition, the effect of
epoch lengths on activity levels was signiﬁcant on the wrist (F5, 1104 = 3.89, p = 0.002), indicating that
the shortest epoch was signiﬁcantly associated with more time spent in SB (all, p < 0.001) and in LPA
(all, p < 0.001) and less time spent in MPA (all, p < 0.001) compared to the other ﬁve longer epochs.
When we categorized physical activity using Sasaki’s activity cut-point set, we found that more time
was spent in LPA and a shorter time was spent in MPA on the hip (F1, 1080 = 32.94, p < 0.001) and the
wrist (F1, 1104 = 5.76, p = 0.017) compared to our results obtained using Troiano’s activity cut-point set.
The wGT3X monitor indicated a longer time spent in VPA compared to the GT9X monitor on the wrist
(F1, 1104 = 4.13, p = 0.042).

Figure 3. Time spent in sedentary and physical activity intensity levels in epochs. H1 longer sedentary
behavior (SB) and shorter light physical activity (LPA) (1 s vs. other longer ﬁve epochs: all, p < 0.001)
and shorter moderate physical activity (MPA) and longer vigorous physical activity (VPA) (1 s vs. 10,
15, 30, and 60 s: all, p < 0.001); H5 longer SB (5 s vs.10, 15, 30, and 60 s: all, p < 0.001), shorter LPA (5 s vs.
60 s: p = 0.039); shorter MPA (5 s vs. 30 and 60 s: p = 0.010 and p < 0.001, respectively), longer VPA
(5 s vs. 30 s and 60 s: all, p < 0.001); H10 longer SB (10 s vs. 60 s: p = 0.012), shorter MPA (10 s vs. 60 s:
p = 0.015), longer VPA (10 s vs. 60 s: p < 0.001); H15 longer VPA (15 s vs. 60 s, p < 0.001); W1 longer
SB (1 s vs. 10, 15, 30, and 60 s: p = 0.038, p = 0.019, p <0.001, and p < 0.001, respectively), longer LPA,
and shorter MPA (1 s vs. other ﬁve longer epochs: all, p < 0.001); C longer LPA and shorter MPA
(Sasaki vs. Troiano: all epochs, p < 0.001); M longer VPA (wGT3X vs. GT9X, p = 0.021). H, W, C, and M are
indicated as hip, wrist, cut-point set, and monitor, respectively, while number is presented as epoch
length. Data are presented as means in minutes.

3.4. Sedentary and Physical Activity Levels Between Heart Rate and Activity Counts in Epochs
As depicted in Figure 4a,c and in Supplemental Table S2, the time spent (min) in sedentary and
physical activity intensity levels for the hip placement site, derived from the two cut-point sets of
activity counts, was comparable to the indirect assessment of intensity using HR across six epoch
lengths. For instance, the HR-derived measure of SB (7.0 ± 5.6 min) was similar to that determined
using a 1-s epoch with both the Sasaki cut-point set (5.9 ± 3.6 min; p = 0.313) and the Troiano
cut-point set (5.7 ± 3.6 min; p = 0.159) but differed from that obtained from the longer epoch lengths
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in either cut-point set (all, p < 0.001). The HR-derived measures of LPA (4.6 ± 3.4) were not similar
to the intensity level determined using either of the activity cut-point sets across all epoch lengths
(all, p < 0.001). The HR-derived measures of MPA (9.1 ± 4.7 min) were similar to that determined for
all epochs (all, p > 0.05) using the Sasaki cut-point set but only for a 1-s epoch (9.8 ± 2.5 min; p = 0.345)
using the Troiano cut-point set. The HR-derived measures of VPA (6.8 ± 6.3 min) were similar to the
activity count intensity measure determined using a 1-s epoch in the Sasaki (5.2 ± 2.8 min; p = 0.06)
and in the Troiano (5.4 ± 2.9 min; p = 0.102) but differed from those determined using the longer epoch
lengths (all, p < 0.001).
On the wrist placement site (as shown in Figure 4b,d and in Supplemental Table S2),
the HR-derived intensity measures of SB, LPA, MPA, and VPA were not comparable to those
determined using either cut-point set when compared across all epochs (all, p < 0.001, respectively).

Figure 4. Sedentary and physical activity levels between heart rate and activity counts in epochs.
In comparing heart rate, † indicates a nonsigniﬁcant difference (p > 0.05) with an epoch, whereas *
denotes a signiﬁcant difference (p < 0.001) with epochs. The S, M, and V are indicated as sedentary,
moderate, and vigorous, respectively, whereas a number and all are represented as an epoch and all
epochs, respectively. HR, heart rate. Data are presented as mean ± standard error in minutes.

Additionally, as shown in Supplemental Table S3, there were similar results in sedentary and
various physical activity levels at either placement site using either cut-point set when compared
separately with GT9X and wGT3X.
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4. Discussion
In this study, using an acute bout of exergaming play with two recent generations of ActiGraph
monitors, we found that (1) intermonitor differences in steps and activity counts between wGT3X and
GT9X were not signiﬁcant on the hip placement site but were signiﬁcant in terms of step counts on the
wrist placement site; and (2) a 1-s epoch of activity counts obtained from hip-worn activity monitors
was the best choice for estimating sedentary and physical activity intensity levels in an exergaming
setting when compared with measures of relative exercise intensity using HR. We believe that our
work is the ﬁrst to compare indirect activity intensity measures using HR with activity counts using
different epoch lengths, which could be a practical and applicable method for the accuracy of physical
activity assessment.
Since newer activity monitor models are continuously being produced by the manufacturers
(replacing previous models), researchers have validated outputs (e.g., steps, activity counts) of activity
monitors for the accuracy of physical activity assessment. Our results indicated that the differences
in steps between wGT3X and GT9X depended on the placement site, although there were strong
associations between both monitors on the hip and wrist. More speciﬁcally, intermonitor differences
for steps between the hip worn-monitors were not signiﬁcantly different and were generally in good
agreement. For these monitors, bias was close to zero, indicating that they were producing similar
results, and the 95% limits of agreement were small, suggesting that the hip-worn monitors could be
used as an alternative to measure steps. Additionally, there were similar patterns in tri-axial counts,
especially on the vertical axis where steps are calculated in the ActiLife step-counting algorithm [1,22].
Our ﬁndings are consistent with those of previous studies using other ActiGraph models.
These studies showed considerable intermonitor agreement for the vertical axis counts between
GT1M and GT3X in young adults during treadmill exercise [4], among GT1M, GT3X, and GT3X+ in
children and adolescents with lab-based activities [20], and between the GT3X+ and GT9X in young
adults with lab-based activities [21]. However, we observed a relatively poor intermonitor agreement
for step counts between the wrist-worn wGT3X and GT9X, as indicated by large and signiﬁcant
intermonitor differences, but reasonably good intermonitor agreement in the vertical and other two
axis counts. Some studies have examined possible factors for an intermonitor difference in steps
or activity counts. For example, ActiGraph’s low-frequency extension ﬁlter (the detection of lower
amplitude movements) affects the difference in step or activity counts within different generation
models (GT3X+ vs. 7164) [37] or in the same models (GT3X+) [38]. In addition, ActiGraph’s sampling
frequency (the processing of raw acceleration data to activity counts) inﬂuences the discrepancy in
activity counts within the same models (GT3X+) [39]. Since we used the same sampling frequency
(30 Hz) and a normal ﬁlter instead of low-frequency extension ﬁlter when we compared the wGT3X
and the GT9X, the source of the discrepancy in steps between the wrist-worn monitors remains unclear.
A recent study [22] compared step outputs between hip and wrist-worn ActiGraph monitors
and between wrist-worn GT3X+ and GT9X monitors during treadmill walking and showed that
the discrepancy in tri-axial orientations between GT9X and GT3X+ or other previous ActiGraph
monitors might signiﬁcantly impact step-counting accuracy on the wrist. Further, the ActiGraph
step-counting algorithm developed for the hip location might not work for the wrist location [7].
Tudor-Locke et al. [15] examined the accuracy of steps on the hip and wrist placement sites using
the same ActiGraph GT3X+ monitors and found the hip site outperformed the wrist site at most
treadmill speeds, regardless of the bandpass ﬁlter. Moreover, we cannot rule out the possibility that
the discrepancy in step counts between the wGT3X and GT9X may be due to differences in individual
movement patterns. Since the exergaming we studied requires irregular upper body movements,
differences in an individual’s arm motion or speed may affect threshold crossing of the acceleration
signal, perhaps inducing less step-counting accuracy on the wrist. Additionally, John et al. [22] report
that accelerations detected on the wrist were smaller in magnitude than those at the hip during
treadmill walking at the same speed, indicating that a wrist-worn monitor would count fewer steps
than a hip-worn monitor. However, we found that the wrist-worn GT3X+ monitors resulted in higher
27

J. Clin. Med. 2018, 7, 268

steps than hip-worn monitors, which can be explained by the fact that exergaming play involves
more arm movements. Thus, when researchers seek to determine the accuracy of step-counting, it is
important to take the placement site into consideration. Our result thus suggests that researchers can
select either of the two monitors we used here to conduct exergaming research if the devices are placed
on the hip.
Of particular importance, we conﬁrmed that epoch lengths differentially inﬂuenced assessment
of sedentary and different physical activity levels, which is consistent with the previous studies.
We found that time spent in SB and physical activity intensity levels varied when assessed using
different epoch lengths (1, 5, 10, 15, 30, and 60 s). For instance, as epoch lengths decreased on the
hip-worn monitors, estimates of SB and VPA increased while estimates of LPA and MPA decreased.
We observed similar patterns in SB and MPA but a different pattern in LPA on the wrist-worn monitors.
Our ﬁndings here are consistent with those of previous studies showing a varying effect of epoch
length with earlier generations of ActiGraph monitors placed on the hip for seven days in a free-living
condition. For example, Edwardson and Gorely [26] used single-activity cut-points (i.e., Freedson)
and observed that shorter epoch lengths among the four epochs (5, 15, 30, and 60 s) were associated
with more time spent in SB and VPA and less time spent in MVPA, MPA, and LPA in children wearing
an ActiGraph GT1M monitor on the hip. Banda et al. [25] used multiple activity cut-points (e.g.,
Evenson, Treuth, Puyan) and showed that shorter epoch lengths among the six epochs (1, 5, 10, 15,
30, and 60 s) were related to more time spent in SB, MPA, and VPA and less time spent in LPA in
children wearing the ActiGraph GT3X+ monitor on the hip. Finally, a study examining physical activity
levels in middle-aged adults found that an epoch of 4 s among the three epochs (4, 20, and 60 s) was
associated with longer time spent in VPA and shorter in LPA [28]. The consistency in ﬁndings from
the previous studies and our study might be associated with the form and intensity of an intermittent
and spontaneous physical activity in which shorter epoch lengths such as a 1-s epoch [25] or a 2-s
epoch [29] were the most appropriate epoch length to capture short bouts of vigorous or more intense
physical activity. The physical activity form and/or intensity might be comparable to the exergaming
play we used, which is characterized by rapid changes from sedentary to intense physical activity
occurring frequently in a short period [40]. Taken together, although the results from different epoch
lengths vary, shorter epoch lengths may be appropriate for capturing short bouts, especially in more
intense physical activity.
However, previous studies examining the effect of epochs on assessment of physical activity
levels have not apparently compared relative or absolute measures of exercise intensity [25,26,28],
which might attenuate their ﬁndings. We compared physical activity intensity based on a cut-point
set of HR with each of two cut-point sets of activity counts and found that the amount of time spent
in SB, MPA, and VPA with the 1-s epoch length on the hip-worn monitors was similar to that in
SB, MPA, and VPA of the HR but that this did not hold for any of the other longer epoch lengths
from the hip- or wrist-worn monitors (Figure 4). This is a novel result with respect to previous
validations of cut-points of activity counts or raw data (accelerations) against indirect calorimetry
(absolute measure) and HR monitoring (relative measure) for physical activity intensity. Previous
studies have validated cut-points for physical activity intensity using indirect calorimetry as a gold
standard measure of energy expenditure and metabolic equivalent for regular physical activities
(e.g., treadmill walking/running) [4,41]. Other studies have used HR monitoring as a relatively less
expensive but feasible instrument to support the validation of cut-points with different analytical
methods. For instance, Ozemek et al. [42] suggested that activity counts were comparable to heart rate
using %HRR at relative moderate (40% HRR) and vigorous (60% HRR) intensities but added that this
depended on individual ﬁtness levels. Two studies compared raw data and HR for sedentary activities
and different intensity levels of physical activity and showed a strong correlation (r = 0.97) [43] and
excellent agreement (receiver operating characteristic area under the curve = 0.99) [44]. Thus, measures
of indirect calorimetry or HR monitoring can be comparable to intensity assessed using cut-points of
activity counts. We found that a 1-s epoch length in conjunction with a hip-worn monitor was the most
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similar to HR-derived measures and should be the most accurate method for measuring sedentary
and various physical activity intensity levels in an exergaming setting.
We should note some important limitations to our results. Based on our statistical methods,
we cannot determine the better of the two monitors we tested, but either of the two models of activity
monitors can be used interchangeably on the hip placement site. Although hip-worn monitors seemed
to be more appropriate for assessing step counts as well as physical activity intensity levels, we cannot
generalize our results to other physical activity conditions or other activity monitor brands. Further,
even though we demonstrated that a 1-s epoch would be the most appropriate epoch length for
detecting short bursts of intense physical activity, it is unclear how an estimate of sedentary and
physical activity intensity levels can be comparable to objective measures of energy expenditure [45].
Thus, the fact that we did not use an indirect calorimetry technique as a criterion measure for physical
activity intensity [46] may be considered a limitation and therefore may require further investigation.
5. Conclusions
We demonstrated that the activity monitors we used are valid and reliable devices for
step-counting accuracy when placed on the hip, and that the hip compared to the wrist is also a more
appropriate placement site for accurately measuring levels of physical activity intensity. We suggest
that a 1-s epoch is the best choice for data processing and analysis of activity counts for the activity
monitors we used in the present study for physical activity assessment. We further recommend
that heart rate can be used as a comparator for the validation of cut-points from activity counts.
Our ﬁndings are applicable in other clinical, research, or school settings focusing on intermittent
physical activities similar to exergaming.
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Abstract: This study was designed to examine the effectiveness of a combined exergaming and
physical education (PE) program on children’s motor skill competence (MSC) and health-related
ﬁtness (HRF) as compared to traditional PE. A total of 261 second- and third-grade children (127 boys;
8.25 ± 0.66 years for male; 8.29 ± 0.74 years for female; 73.6% non-Hispanic white) participated
in the nine-month study from 2012 to 2013. Children were assigned to one of the two groups:
(a) intervention group (125 min of alternating PE and exergaming weekly); and (b) comparison group
(125-min weekly PE). MSC was assessed via product scores in two locomotor and two object control
skills. HRF included the cardiorespiratory ﬁtness, musculoskeletal ﬁtness, and body mass index
(BMI). A multivariate analysis of variance (MANOVA) was performed to analyze the effect of the
combined exergaming–PE program on children’s MSC and HRF. There were signiﬁcant group by
time interaction effects for BMI, p < 0.01, η 2 = 0.20; musculoskeletal ﬁtness, p < 0.01, η 2 = 0.13; and
object control skills (the comparison group demonstrating greater improvement), p = 0.01, η 2 = 0.03.
The ﬁndings suggest that the combined exergaming program can have a positive effect on children’s
BMI and musculoskeletal ﬁtness, indicating that exergaming can be an alternative school-based
program to supplement traditional PE.
Keywords: active video games; cardiorespiratory ﬁtness; locomotor skills; motor skill competence;
musculoskeletal ﬁtness; object control skills

1. Introduction
Secular declines in children’s health-related ﬁtness (HRF) is a growing concern globally [1–3]
and places children at risk for many health issues, including cardiovascular diseases or metabolic
syndrome [4], obesity [5], and lower health-related quality of life [6–8]. Similarly, inadequate levels of
motor skill competence (MSC) are a concern among health professionals and physical educators [9,10]
as the development of MSC is positively linked to children’s HRF [11,12] and physical activity
(PA) [12,13]. Speciﬁcally, competence in fundamental locomotor (e.g., jumping and hopping) and
object control (e.g., throwing and kicking) skills is a prerequisite to the development of transitional
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movement skills [10]. MSC can be enhanced at an early age through targeted intervention, which also
is beneﬁcial for overall HRF [14].
Although a body of literature has shown traditional school-based PA programs or physical
education (PE) courses can be effective in improving children’s HRF [15] and MSC [16,17] in the short
term, interventions with long-term sustainability are still needed [15]. To sustain development in
children’s MSC and HRF, it is critical to design an integrated and fun PA intervention that appeals
to children [18]. Exergaming (a.k.a., active video games), a type of video games that requires bodily
movement to play the video game, has been shown to increase children’s light-to-moderate PA by
capitalizing on their interests in games and maintaining PA enjoyment [9,19–21]. Exergaming is one of
the innovative and fun ways to motivate children to be active and develop their motor skills [20–22].
For example, exergaming allows children of all skill levels to engage in sport games that they would
not be able to unless they have the appropriate skill levels in traditional PE classes. This is also possible
because in exergaming, children can still play without needing appropriate equipment for speciﬁc
sports. A few studies have indicated that integrating exergaming into PE classes contributes to higher
levels of children’s PA and energy expenditure in both the short- and long-term, possibly due to its
fun components [23–26]. While exergaming is an effective means to promote children’s PA, evidence
on school-based exergaming interventions to promote MSC is lacking [23,27].
Recent studies demonstrated that exergaming has an inconsistent impact on children’s MSC in
the short term [28,29]. Zeng and Gao, in 2016, concluded in a systematic review that studies that prove
exergaming can offer sufﬁcient stimulus for MSC changes were still limited [30]. Moreover, most of
these studies examined balance skills or postural stability, with very few addressing the two important
categories of MSC in young children [30–32]. Furthermore, no studies have explored the combined
effects of exergaming and PE on young children’s MSC and HRF across a nine-month school-based
intervention. Therefore, this quasi-experimental study was designed to examine the effectiveness of
school-based exergaming integration with traditional PE on children’s MSC and HRF compared to
traditional PE.
2. Materials and Methods
2.1. Participants and Research Setting
A total of 261 second- and third-grade children (8.27 ± 0.70 years; 134 girls; 73.6% non-Hispanic
white) from two public elementary schools in southern USA participated in this study across the
school year. Due to administrative and logistical reasons, randomization of individual children into
either the intervention group or the comparison group was not feasible. Hence, one school served
as the intervention school with the other serving as the comparison group. Both public schools
were Title I schools (i.e., more than 50% children receive free or reduced-price school meals) in the
same school district and were similar in their demographics. The majority of children were from
low-income families. Other detailed information about the participants and research setting can be
found in a recently published paper [23]. The inclusion criteria for this study were children who were
(1) enrolled in a public Title I elementary school; (2) aged 7–9 years; (3) without a diagnosed physical
or mental disability according to school records; and (4) able to provide parental consent and child
assent. The eligibility of inclusion was veriﬁed through demographic information and student records
in the schools.
In the intervention school, the exergaming program was integrated into the school’s PE curriculum
in such a way that exergaming and PE days alternated each week for a combined total of 125 min
of biweekly PA; that is, out of 5 days of 25 min classes every two weeks, children’s schedules
alternated having 3 PE classes in one week and 2 exergaming sessions the following week (Figure 1).
A certiﬁed PE teacher taught PE and a full-time teacher, trained by the research team, coordinated
and supervised children in the exergaming room (i.e., a modiﬁed classroom) at the school. In the
comparison school, children had 125 min (25 min per class) of PE every two weeks taught by 2 certiﬁed
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teachers. Participants were recruited from 16 classes (average of ≈20 students per class) at the schools,
with 8 classes from each school site. The study was approved by the University Institutional Review
Board and parental consent and child assent were obtained.
2.2. Procedures
In the intervention school, 12 stations (costing approximately 600 US dollars per station), each
equipped with 2 exergaming systems including Wii (Nintendo Co., Ltd., Kyoto, Japan) and Xbox Kinect
(Microsoft Corp., Redmond, WA, USA) and a television, were installed in a classroom. Examples
of the types of exergaming included were Kinect Ultimate Sports, Just Dance, Wii Sports, and Wii
Fit. The variety of games allowed for autonomy in selection and promoted persistent motivation
throughout the whole intervention period. A trained teacher supervised their participation of
exergaming. Depending on the type of game, either all children participated in an exergaming session
simultaneously (i.e., two children/station) or all children participated in one activity (e.g., Just Dance).
Children rotated games twice during each session. During PE classes at both schools, a conventional
multiactivity curriculum was promoted that mainly included sport- or game-based units and ﬁtness
activities [33].
2.3. Measures
Participants demographic information including age and gender was collected using
an information sheet ﬁlled in by students, with assistance from research staff before intervention.
MSC assessments included performance on four skills (kicking, throwing, standing long jump,
and hopping) based on our and other experts’ studies [34–38]. We used performance scores of skills to
measure children’s MSC because the measures are sensitive in discriminating children’s competence
levels across childhood and align with validated process-oriented assessments of motor skills [34–37].
The maximum speed for kicking (20-cm diameter playground balls) and throwing (using tennis balls)
and maximum standing long jump distance were assessed from a total of ﬁve trials and used for
analysis [38]. Throwing and kicking speed was measured using a radar gun (Stalker Radar, Plano,
TX) [38]. For hopping, the average height of a minimum of three hops for each leg was used for
analysis [35]. Both standing long jump and hopping performance were calculated based on children’s
standing height [34,35]. The reliability of these tests (alpha coefﬁcient method) were r = 0.70 (p < 0.01)
according to a previous study [10].
Cardiorespiratory ﬁtness and musculoskeletal ﬁtness components of children’s HRF was
measured using the FITNESSGRAM® . Trained research staff implemented FITNESSGRAM® protocols
for the Progressive Aerobic Cardiovascular Endurance Run (PACER), curl-ups, and push-ups [38].
Grip strength was also assessed using a children’s grip dynamometer (Lafayette Instrument, Lafayette
IN) as an additional indicator of musculoskeletal ﬁtness [39]. The best score of three trials for each
hand was averaged and used for data analysis [23]. To assess body composition component of HRF,
children’s body mass index (BMI) was calculated as the weight in kilograms divided by the height in
meters squared. Children’s body height and weight were measured using a stadiometer (Seca GmbH,
Hamburg, Germany) and digital weight scale (Detecto, Web City, MO, USA), respectively. The validity
and reliability of all of these measures have been noted in previous studies [34,35,38–40]. Baseline MSC
and HRF tests were measured in September of 2012 and post-tests were conducted in May of 2013.
2.4. Data Analysis
The demographic characteristics of participants were described through a descriptive analysis.
Missing data of one or some indices of MSC and HRF were imputed by the expectation maximization
(EM) method, although participants with missing data for all indices were excluded. All indices of MSC
and HRF scores were normalized and then converted to standard T-scores (T-score = 50 + 10 * Z-score).
Performance scores for the MSC tests were grouped according to locomotor and object control
separately. The locomotor skill score was the mean T-scores for both standing long jump and hopping,
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while object control skill score was deﬁned as the mean score of kicking and throwing T-scores.
In regard to HRF, the musculoskeletal ﬁtness score was calculated as the mean of the T-scores of grip
strength, push-ups, and curl-ups.
T-tests and paired T-tests were conducted to observe any differences in all variables of interest
between the comparison and intervention groups and between the pre- and post-intervention tests,
respectively. Since there were signiﬁcant between-group differences in baseline scores of PACER
(higher in comparison group) and BMI (higher in intervention group), as well as curl-up (higher
in comparison group), the difference in scores between pre- and post-tests for each variable were
set as the outcome variable. In order to explore the effects of intervention on children’s MSC and
HRF over time, a multivariate analysis of variance (MANOVA) was conducted. All descriptive and
inferential statistical analyses were conducted using SPSS 20.0 (IBM Corp., Armonk, NY, USA) and the
signiﬁcance level was set at 0.05 for all statistical analyses.

Baseline test: 2 schools

Comparison group

Intervention group

Intervention period: 9 months

Alternated having PE and exergaming for
the 5 total sessions within the 2 week period
12 stations rotated twice
every exergaming session:
2
3

1

PE: 5 sessions per 2 weeks

4

12

5

11
10

6
9

8

7

Post-intervention test
Figure 1. Study design and intervention ﬂow.

3. Results
Eleven children were removed from the study from pre-test to post-test due to missing data for
all indices of MSC and HRF (n = 10) or being an outlier (n = 1). Baseline demographic characteristics of
participants are shown in Table 1. Children’s mean age was 8.27 years, and 75% of the sample was
non-Hispanic white. The intervention effects on children’s MSC and HRF are described in Table 2.
Signiﬁcant group by time interaction effects were revealed for HRF and MSC variables including:
musculoskeletal ﬁtness, F (1, 250) = 38.33, p < 0.01, η 2 = 0.13; BMI, F (1, 250) = 61.39, p < 0.01, η 2 = 0.20;
and object control skills, F (1, 250) = 6.77, p = 0.01, η 2 = 0.03. While children in the comparison
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group displayed signiﬁcantly higher cardiorespiratory ﬁtness scores (PACER) than children in the
intervention group at both baseline and post-tests (p < 0.01), the comparison and intervention groups
both demonstrated increase over time in their cardiorespiratory ﬁtness (p < 0.01). Likewise, the decline
in intervention children’s BMI demonstrated a signiﬁcant difference from the increased BMI in the
comparison group. In addition, the between-group difference in the change scores of children’s
musculoskeletal ﬁtness was signiﬁcant, favoring the intervention group.
Table 1. Demographic characteristics of participants in baseline and post-intervention.
Baseline

Post-Intervention

Variables *

Comparison
(n = 115)

Intervention
(n = 135)

p Value

Age (years)
Girls (counts) †
White American (counts) †
Height (cm)
Weight (kg)

8.41 (0.71)
59 (51.3)
69 (60.0)
131.77 (7.59)
30.77 (9.12)

8.14 (0.67)
70 (51.9)
118 (87.4)
129.46 (6.83)
31.69 (8.69)

Motor skill competence
Kicking (m/s)
Throwing (m/s)
Standing long jump (%)
Hops (%)

10.95 (1.79)
14.10 (3.82)
0.93 (0.15)
0.64 (0.12)

Health-related ﬁtness
PACER (laps)
Grip strength (kg)
Push-ups (counts)
Curl-ups (counts)
BMI (kg/cm2 )

22.92 (11.15)
13.90 (2.96)
7.47 (6.26)
34.60 (26.57)
17.60 (3.78)

Comparison
(n = 115)

Intervention
(n = 135)

p Value ‡

0.002
0.931
<0.001
0.012
0.417

/
/
/
132.73 (7.24)
33.73 (9.65)

/
/
/
132.80 (7.19)
32.95 (9.72)

/
/
/
0.942
0.524

11.06 (2.46)
14.55 (3.35)
0.93 (0.17)
0.62 (0.14)

0.691
0.317
0.979
0.190

12.06 (1.87)
14.74 (3.87)
0.93 (0.15)
0.67 (0.12)

11.84 (1.92)
14.48 (3.69)
0.91 (0.17)
0.70 (0.14)

0.360
0.586
0.390
0.124

14.04 (7.08)
14.50 (3.48)
6.24 (6.07)
23.49 (21.86)
18.72 (3.67)

<0.001
0.143
0.116
<0.001
0.019

26.87 (13.24)
12.86 (3.66)
9.32 (6.47)
18.58 (18.93)
18.88 (3.89)

20.67 (9.30)
16.22 (4.01)
8.65 (6.23)
21.33 (19.65)
18.42 (3.87)

<0.001
<0.001
0.409
0.262
0.346

‡

Note: * All values are the mean, with standard deviation in brackets; † Frequencies (percentage); ‡ Student’s T-test
for continuous variables and chi-squared test for categorical variables; Standing long jump (%): standing long jump
(cm) divided by body height (cm); Hops (%): hops (cm) divided by body height (cm); PACER: progressive aerobic
cardiovascular endurance run; BMI: body mass index.

Table 2. Baseline and post-intervention motor skill competence and health-related ﬁtness descriptive
and inferential statistics.
Conditions

Baseline
T-Scored Mean
(SD)

Post-Test
T-Scored Mean
(SD)

Diff. Mean
(SD)

Intervention (n = 135)
Comparison (n = 115)
Intervention (n = 135)
Comparison (n = 115)

49.34 (7.23)
49.77 (6.68)
49.02 (9.21)
48.20 (8.45)

50.11 (7.21)
49.98 (6.68)
50.87 ‡ (9.01)
51.73 ‡ (8.66)

0.77 (4.64)
0.20 (4.16)
1.85 (5.51)
3.54 (4.59)

Intervention (n = 135)
Comparison (n = 115)

44.23 † (6.33)
52.21 (9.95)

49.00 ‡ (8.56)
55.69 ‡ (11.84)

Musculoskeletal
ﬁtness

Intervention (n = 135)

49.37 (6.74)

Body mass index

Comparison (n = 115)
Intervention (n = 135)
Comparison (n = 115)

50.83 (7.64)
50.81 * (9.76)
47.83 (10.06)

Tests
MSC
Locomotor
Object control
HRF
PACER

F

p

η2

1.03

0.311

0.00

6.77

0.010

0.03

4.77 (6.40)
3.48 (8.93)

1.77

0.184

0.01

51.25 ‡ (7.08)

1.88 (5.19)

38.33

<0.001

0.13

48.30 ‡ (6.08)
50.01 † (10.31)
51.24 ‡ (10.35)

−2.53 (6.08)
−0.80 (4.33)
3.41 (4.12)

61.39

<0.001

0.20

Note: Musculoskeletal ﬁtness: represents the compiled score for grip strength, curl-ups, and push-ups tests;
SD: standard deviation; MSC: motor skill competence; Locomotor: combining standing long jump and hops; Object
control: combining kicking and throwing; HRF: health-related ﬁtness; PACER: progressive aerobic cardiovascular
endurance run; Musculoskeletal ﬁtness: combining grip strength, push-ups, and curl-ups; Diff.: difference between
the baseline and post-test. T test was conducted to observe the difference between comparison and intervention
groups at the baseline. * p < 0.05 compared with comparison group; † p < 0.01 compared with comparison group;
‡ p < 0.01 compared with baseline.

In terms of children’s MSC, signiﬁcant improvement effects over time were revealed in children’s
object control skills in both the intervention and comparison groups (p < 0.01), with the comparison
group demonstrating greater improvement, F (1, 250) = 6.77, p = 0.01, η 2 = 0.03, compared to the
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intervention group. Slight improvement in the locomotor skills of children was observed in the
intervention and comparison groups over time; however, these changes in score were not signiﬁcant.
4. Discussion
As an innovative technology and potential tool for capturing and maintaining children’s interest
and motivation to be physically active and ﬁt [41], exergaming has been integrated into a traditional PE
curriculum within the school day [24,25]. However, the impact of exergaming on children’s motor skills
is not well understood. Our ﬁndings indicate that an integrated school-based exergaming/PE program
demonstrated greater overall positive beneﬁts on children’s muscle strength and BMI, compared to
traditional PE only. This impact on ﬁtness may be due to: (1) more light and moderate PA in exergaming
compared to ﬁtness activities offered in PE classes, which could lead to body weight improvement
in children [42], and (2) speciﬁcity of ﬁtness exergames (i.e., Wii Fit and Just Dance) offered in the
intervention group, which can improve children’s some musculoskeletal ﬁtness. Playing games from
the Wii system may have improved children’s grip strength through use of the controllers [43]. Previous
evidence has illustrated controversy on the notion that exergaming provides sufﬁcient PA intensity to
improve children’s HRF [19]. Speciﬁcally, some literature did not support the capability of exergaming
to improve children’s physical ﬁtness or to provide health beneﬁts [19,27,44,45], while other literature
suggests exergaming can promote health beneﬁts associated with maintenance of weight status and
increased cardiorespiratory ﬁtness [46,47]. The inconsistent ﬁndings might be owed to the setting in
which exergames were played (e.g., laboratory, home, or school), types of the games, duration/dose,
and intervention ﬁdelity [48–50]. Previous studies have shown that the following factors are
important in enhancing children’s motivation, ultimately leading to appropriate improvement in
their HRF: (a) presence of the supervision of specialist teachers; (b) appropriate organization behavior
management; and (c) including a variety of PA programs [16,51,52]. Thus, we speculate that adequate
supervision and consistent incorporation of different types of exergames offered to children led to
greater increases in musculoskeletal ﬁtness, as most of the previous relevant studies have intervened
through only one type of exergame [20,49,53,54].
Our ﬁndings in children’s MSC only partially supported the other portion of our hypothesis.
When examining locomotor skills data, there was no signiﬁcant difference in changes of score between
the comparison and the intervention group, suggesting little impact of exergames on children’s
hopping and standing long jump. While the comparison group demonstrated signiﬁcantly greater
improvement in object control skills as compared to the intervention group across the school year,
the effect size was small (η 2 = 0.03). The signiﬁcant increase in object control skills in the traditional PE
groups may be indicative of having more overall time spent in performing object control skills in a more
ecologically valid setting (e.g., more time spent in PE). Speciﬁcally, no Wii or Xbox games provide
opportunities for actual kicking and throwing activities. Games noted within exergaming games
(e.g., Wii Sports and Kinect Ultimate Sports) do not necessarily demand that individuals demonstrate
their highest level of throwing (e.g., primarily using elbow extension and wrist ﬂexion in the Wii
baseball game). Thus, the virtual games promoted in exergaming may not demand the same type
of movement execution and effort to promote skill development to the same degree as traditional
practice experiences.
In the present study, kicking skills of children in the intervention group increased over time;
however, their standing long jump decreased at the end of the program. It appears that development
of the standing long jump (locomotor skills) through semi-structured exergaming is more challenging
than acquiring kicking skills (object control skills). Indeed, in two recent studies [31,55], similar
ﬁndings were shown. The researchers tested the efﬁcacy of six 50-min sessions of active video games
(AVGs) on 6–10-year-olds’ actual and perceived objective motor skills. Not only did they not ﬁnd
any signiﬁcant differences between the control and intervention groups on both outcomes, they also
did not ﬁnd any improvement in the skills between typically developing children and children with
autism spectrum disorder. The authors suggested that the play nature of AVGs may not provide
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adequate practice of the correct movements that are required to perform the skills [31,55]. Similarly,
Pedersen et al., in their study in which they examined the effects of 30-min Nintendo Wii tennis games
in improving reaction time for contralateral arm movement in children aged 7–12 years, revealed
that these short bouts of exergaming sessions did not enhance children’s motor processing speed
(reaction time) [56]. Reaction time may not be directly related to the performance of object control
skills measured in the current study; however, it is a good indicator of how children’s object control
skills would be applied in more advanced sport skill settings.
On the contrary, other studies have shown that the use of exergaming could be a feasible and
pleasant approach to improve elementary school or nontypically-developing children’s gross motor
skills [32,57]. In one of these studies, an eight-week long exergaming intervention was found effective
in improving children’s object control skills. In this case, however, the effectiveness of the intervention
in enhancing the skills was due to the selection and implementation of exergames (i.e., Baseball mini
games; NBA Baller Beats, Bowling, and Soccer mini games; Xbox Kinect) that were speciﬁcally geared
toward developing the same six objective control skills, namely throwing, kicking, catching, dribbling,
rolling, and striking. Based on these ﬁndings of previous literature, we speculate that the lack of games
that would provide opportunities for children to practice throwing and kicking skills could have been
one of the reasons why we did not observe improvement in object control skills in the current study.
Another important point to note may be the quality of play, to which Howie and her colleagues
attributed the ineffectiveness of an exergaming (Xbox 360 with Kinect) intervention on children’s
motor coordination (MABC-2) [58]. In this home-based exergaming intervention study for the
clinical pediatric population, the authors mention motivation–outcome trade-off, which describes how
self-selected games may increase children’s motivation to play longer, but not necessarily the quality of
play that leads to motor skill improvement. The study suggests the importance of ﬁnding a challenging
point for each individual and adhering to the game to experience motor skill improvement, instead of
switching games that they favor. We speculate that this may be very much aligned to our ﬁndings
in current study. Children in this present study could have played longer and at higher intensities
to increase their HRF; however, not at high enough quality to contribute to improvement in object
control skills.
In our previous study, in which we examined the effect of an exergaming program in increasing
children’s PA, we did not see any signiﬁcant increase in their PA levels [23]. However, signiﬁcant
exergaming effects on children’s HRF were observed in our current study. It is plausible that these
inconsistent results between the two studies are due to several possible reasons. First, measurement of
children’s PA was limited to school time, not whole days (24 h), which could not reﬂect actual total
levels of daily PA. Second, increase in children’s HRF may not be due to total PA levels, but more
due to other factors such as dietary intake, basic metabolic rate, and intensity of exercise. Third, it is
possible that exergaming had a beneﬁcial effect in current study because it was combined with PE.
In this case, PE can provide opportunities that exergaming cannot offer and lead to greater effects of
intervention than the effects that would be brought by PE or exergaming alone. However, further
studies are warranted to explore the potential interactions.
This study was conducted in a real-world setting, examining the effects of a combination of
exergaming and traditional PE, and including both HRF and MSC as outcome variables, which are
the strengths of this study. However, the study is not without limitations. First, our study did not
implement random recruitment or random assignment, which limits the generalizability. Second,
it is also difﬁcult to deﬁne the independent effect of exergaming on the outcomes as our intervention
had both PE and exergaming sessions. Third, ﬂexibility, which is one of the ﬁve HRF components,
was not included in our HRF outcomes, and this study could improve by implementing a follow-up
measurement to avoid potential seasonal effects on children’s HRF/MSC and to explore the durability
of children’s interest in exergaming. Moreover, children in our study could have been exposed to
a “Hawthorne Effect”, as teachers and research assistants were observing them at the time of testing.
Children could have modiﬁed their behavior (e.g., making much more effort in physical activity) in
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response to their awareness of being observed or intervened. In addition, there might have been some
motivational issues in children in the comparison group at the curl-ups testing, as the post-test score
plummeted from the baseline. Examining our data, a good number of children who scored high in the
baseline did not do as well in their post-test, which might have inﬂuenced the overall musculoskeletal
ﬁtness score in the comparison group. Lastly, the information about energy expenditure was not
collected during the exergaming and PE sessions.
5. Conclusions
A well-implemented class combining exergaming and traditional PE can be beneﬁcial in
developing children’s musculoskeletal ﬁtness and BMI compared to the sole traditional PE class.
Considering the potential beneﬁts of exergaming in stimulating children’s interest in PA and
developing HRF [59], integration of an exergaming component into PE is partly recommended.
However, when exergaming is implemented, several things should be taken into consideration.
The structure of the exergaming may depend on the goal of the program, whether it be promotion of PA,
enhancement of HRF, or/and improvement in MSC. If practitioners are in pursuit of children’s MSC,
the traditional PE classes may be a better choice than exergaming. Future studies with randomization
and long-term design are needed to conﬁrm our results.
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Abstract: This study investigated the association between ambient air quality and sedentary time in
Chinese adults. The participants were 3270 Chinese users (2021 men and 1249 women) of wrist-worn
activity trackers. The data of participants’ daily activities were collected from July 2015 to October
2015. A novel algorithm based on raw accelerometer data was employed to determine sedentary
time. Personal data, including sex, age, weight and height, were self-reported by the participants.
Data of air quality, ambient temperature and weather were collected from the data released by the
China National Environmental Monitoring Centre and the China Central Meteorological Observatory
and matched in accordance with the Global Positioning System and time information. Multilevel
regression analyses were conducted to investigate the association between air quality and sedentary
time and adjusted for gender, age, region, body mass index, weather, temperature, weekday/weekend
and monitored wake time per day. Better air quality index levels and lower concentrations of ﬁne
particulate matter were signiﬁcantly associated with approximately 20 and 45 min reduction in
sedentary time, respectively. Poor air quality appears to be an independent factor associated with
prolonged sedentary time in Chinese adults.
Keywords: sedentary behaviour; air quality; socio-ecological model; wrist-worn activity tracker

1. Introduction
Sedentary behaviour is deﬁned as any waking behaviour with a sitting, reclining or lying
posture that requires an energy expenditure ≤1.5 metabolic equivalents [1]. It is a distinct concept
from physical inactivity, which refers to an insufﬁcient physical activity level to meet the present
physical activity recommendations [1]. Sufﬁcient moderate- to vigorous-intensity physical activity
(MVPA) means that an individual is not physically inactive but cannot guarantee the individual from
accumulating a large amount of sedentary time. Several studies have reported that the negative health
consequences of prolonged sedentary time may include obesity, type 2 diabetes and cardiovascular
diseases (e.g., coronary heart disease, myocardial infarction and stroke) [2–4]. These consequences
are suggested to be independent of those attributable to the lack of physical activity [5–7]. Moreover,
strong evidence suggests that people who engage in high amounts of sedentary behaviour can be at
increased risk of mortality regardless of their level of MVPA [6,8,9]. Although a study based on 155,054
Chinese adults showed that 81.3% of the men and 88.5% of the women were physically inactive [10],
few studies have reported the sedentary time of Chinese adults. Therefore, given the limited data on
sedentary behaviour in Chinese adults and the usually negative health consequences of sedentariness,
investigations of sedentary time in China should be made, and correlates should be clariﬁed to help
design, tailor and evaluate sedentary behaviour interventions.
J. Clin. Med. 2018, 7, 257; doi:10.3390/jcm7090257

44

www.mdpi.com/journal/jcm

J. Clin. Med. 2018, 7, 257

A socio-ecological model is widely applied in the conceptualisation of factors inﬂuencing
sedentary behaviour [11–13]. This socio-ecological approach assumes that multiple levels of
inﬂuence, including intrapersonal, interpersonal, organisational, environmental and policy, exist,
thus emphasising the interrelationships between individuals and the social, physical and policy
environments [13]. A large number of factors in the model, particularly individual correlates,
have been veriﬁed by numerous empirical studies [12,14]. In terms of physical environmental
factors, type of residence [15,16], density [17] and proximity [18] of green spaces; neighbourhood
walkability [19,20]; and season [21] have been reported to be related to sedentary behaviour. To
date, however, the associations between other physical environmental factors such as air quality with
sedentary behaviour have not yet been sufﬁciently investigated.
Although air quality has generally improved in China, the current situation of air pollution in the
country is still a cause for concern. In 2016, the annual mean concentration of ﬁne particulate matter
(PM2.5 ) was 47 μg/m3 [22], which is 14.8% higher than the Chinese primary standard (40 μg/m3 ) [23]
and 213.33% higher than the American secondary standard (15 μg/m3 ) [24]. Although the detrimental
impact of air pollution on human health has been universally proven [25,26], knowledge about its
effect on health behaviour is limited.
Several studies have investigated the association between air pollution and physical inactivity.
These studies have shown that poor air quality may lead to decreased physical activity. Using data from
the Behavioural Risk Factor Surveillance System (BRFSS), Wen et al. examined the relationship between
air quality index (AQI) media alerts and changes in outdoor activities amongst people with asthma
and showed that media alerts may be associated with self-reported decreases in outdoor activities [27].
Two other cross-sectional studies based on data from the BRFSS indicated that increased levels of
air pollution are related to reduced leisure-time physical activity amongst American adults [28,29].
This result was conﬁrmed by a retrospective study in the United States, in which ambient PM2.5 air
pollution was observed to be associated with a modest but measurable increase in the leisure-time
physical inactivity of individuals [30]. Similar ﬁndings amongst Chinese adults have been made.
By analysing the data collected from 153 users of an exercise app and the AQI during the same period,
Hu et al. concluded that people’s participation in outdoor exercise was impeded by air pollution
severity [31]. Cohort studies of university retirees [32] and university students [33] living in Beijing,
China, also revealed the same conclusions.
Despite the abundant literature concerning the relationship between air quality and decreased
physical activity, we only found one empirical study involving the association between air quality
and sedentary behaviour. In a population-based mail survey of 1332 Australian adults, researchers
examined the associations between physical activity and sedentary behaviour with multiple
individual-level and environmental-level variables; one of their ﬁndings was that air pollution was
signiﬁcantly associated with increased sedentary time [34].
Considerable attention has been paid on the measurement of sedentary behaviour. Subjective
methods, including self-report or proxy-report questionnaire, are widely applied in studies of sedentary
behaviour; however, the validity and reliability of these responses are subject to recall error and social
desirability bias [35]. For objective methods, accelerometers can be used to estimate the total time
and breaks of sedentary behaviour [36], which are based on movement detection but are traditionally
considered to be poorly able to distinguish amongst different postures, therefore misestimating the
real sedentary time [37]. Accelerometers are also typically hip-worn devices, which leads to lower
wear compliance than wrist-worn devices [38]. Sedentary Sphere, a novel algorithm, was developed
to analyse data from wrist-worn triaxial accelerometers and determine postures, leading to better
compliance in large samples [39]. By using the method, the direction of the activity monitor and
the wrist position could be determined based on the gravitational component of the acceleration
data. In brief, posture is determined according to the angle of arm elevation and the intensity of
activities. For instance, if arm elevation is higher than 15◦ below the horizontal position and the
intensity of activity is light or moderate, the data indicate a seated or reclining position and could
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be identiﬁed as sedentary behaviours. This method was found to be valid in measuring sedentary
time [40]. Moreover, as Sedentary Sphere is mainly based on the direction of the gravity component
rather than the magnitude of accelerations, it could be applied to estimate sedentary time with different
brands of wrist-worn accelerometers in different studies [41]. In addition, the cost of commercial
activity monitors with Sedentary Sphere is lower than that of professional monitors, such as activPAL,
therefore allowing a relatively larger sample size.
In the present study, a popular brand of activity tracker named Bong II (which is a light, convenient
and wrist-worn triaxial accelerometer with Sedentary Sphere algorithm) was used to determine
whether the sedentary time of Chinese adults is associated with ambient air quality. We hypothesised
that people would spend more sedentary time in days with bad air quality than in days with good
air quality.
2. Methods
2.1. Participants
In this study, researchers contacted several manufacturers of wrist-worn accelerometers,
introduced the research plan and sought for research cooperation. Hangzhou Gongke Technology Co.,
Ltd., the manufacturer of the Bong II accelerometer, agreed to participate. With the assistance of the
manufacturer, an informed consent form that introduced the objective and content of the research as
well as the beneﬁts of participating in the study was sent to approximately 20,000 customers via the
Internet. The participants would receive a personal sedentary behaviour report for free. Only users
who endorsed the informed consent form were recruited to this study. The data were collected from
the Bong II activity monitors and transmitted to the company via the Internet. Personal information,
including age, sex, height and weight, was self-reported on the App of Bong II by participants when
they ﬁrst used the product. Researchers were unable to access the data until privacy information
(name, address, telephone number, email, etc.) of participants was deleted.
A total of 4604 Chinese users of Bong II were recruited. The data of participants’ daily activities
were collected from July 2015 to October 2015. The inclusion criteria were as follows: (1) participants
aged 18 years or older; (2) wearing time ≥18 h/day; (3) wear duration ≥4 consecutive days; and (4) data
of Global Positioning System (GPS) and air quality are available. The data of 3270 participants
were ﬁnally included in the analysis. Figure 1 shows the number of participants in each province.
The abbreviated names of provinces are in accordance to the authority ﬁle released by the Ministry of
Industry and Information Technology of China [42]. The research protocol was reviewed and approved
by the Ethics Committee of College of Education at Zhejiang University.

Figure 1. Distribution of participants.
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2.2. Measurement of Sedentary Behaviour
The sedentary time was measured using Bong II. It is 14 g in weight, 4 cm in length, 2 cm
in width and 0.9 cm in thickness; it has an adjustable wristband and will not interfere with the
participants’ activities. The product is waterproof, and the participants were encouraged to wear it on
the nondominant wrist for 24 h a day. The price of Bong II is approximately 20 dollars.
The monitor has a triaxial accelerometer with a sampling frequency of 100 Hz and an output
data rate of 1 to 15 s epoch based on the type of activities. The Bong software 2.0 was used to convert
the raw 100 Hz ﬁles to 15 s epoch ﬁles containing x, y and z vectors (mean acceleration over the
epoch, retaining the gravity vector) and vector magnitude values (summed over the epoch, corrected
for gravity).
The algorithm applied in this study came from Sedentary Sphere, the efﬁcacy of which has been
proven valid and reliable for the classiﬁcation of posture from a wrist-worn triaxial accelerometer in
adults [39,41]. The details of the method were mentioned in previous studies [39,41]. Brieﬂy, Sedentary
Sphere follows a principle based on arm elevation to identify postures. If the data plotted on Sedentary
Sphere in latitudes of elevation are greater than 15◦ below the horizontal position, this ﬁnding indicates
that the wrist is elevated. Meanwhile, if the vector magnitude of the acceleration data suggests low
intensity of activities, then a sitting or reclining posture can be identiﬁed. Meanwhile, if the data
plotted on Sedentary Sphere in latitudes of elevation are less than 15◦ below the horizontal position
during low physical activity level, then a standing position is indicated.
The 15 s epoch ﬁles were imported into the custom-built Excel spreadsheet developed by
Leicester-Loughborough Diet, Lifestyle and Physical Activity Biomedical Research Unit [43], enabling
the calculation of the most likely posture with the data of wrist triaxial accelerometers. The validity of
measuring sedentary time in free-living adults by a wrist-worn triaxial accelerometer with Sedentary
Sphere has been conﬁrmed in several studies given the consistency of its results with those of activPAL,
a small lightweight triaxial accelerometer generally considered to be the ‘gold standard’ in identifying
sedentary behaviour [39–41,44,45]. The intraclass correlation coefﬁcient (ICC) was reported to be 0.80
(95% conﬁdence interval, 0.68–0.88) [40].
In the preliminary research on the reliability and validity of the activity tracker, 32 undergraduate
students (18 males and 14 females) were required to wear the activity tracker on their nondominant
wrist and activPAL on their right thigh for seven consecutive days in free-living settings, and the ICC
between the sedentary time measured by the monitor and activPAL was 0.78 (95% conﬁdence interval,
0.68–0.86) with a mean bias of +18 min. In a laboratory setting, the participants performed a series of
required activities, and the accuracy of the wrist-worn activity tracker in classifying lying, sitting and
upright activities was 89%. The sensitivity and speciﬁcity were 91.8% and 86.3%, respectively.
2.3. Air Quality
Daily data of air quality were collected from the data released by the China National
Environmental Monitoring Centre and matched in accordance with GPS and time information recorded
by the activity tracker. Data of air quality include the daily AQI used by the Chinese government [23],
the 24 h average concentrations of particulate matter with aerodynamic diameters less than 10 and
2.5 μm (PM10 and PM2.5 ) and the daily maximum 8 h average concentrations of ozone (O3 ).
The AQI was initially divided into six categories according to the recommendation of the Ministry
of Environmental Protection of China: excellent (AQI = 0–50), good (AQI = 51–100), lightly polluted
(AQI = 101–150), moderately polluted (AQI = 151–200), heavily polluted (AQI = 201–300) and severely
polluted (AQI > 300). However, the three most-polluted categories were combined into one because of
the paucity of heavily polluted and severely polluted days. Therefore, in this analysis, the AQI was
ﬁnally divided into four categories as follows: excellent (AQI = 0–50), good (AQI = 51–100), lightly
polluted (AQI = 101–150) and moderately and heavily polluted (AQI > 150). Concentrations of air
pollutants were also divided into four categories in accordance with the AQI.
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2.4. Covariates
Age was divided into four categories (18–29, 30–39, 40–49 and above 50). Height and weight were
used to determine body mass index (BMI) levels.
Given the evidence that air pollution differs between weekends and weekdays [46] and
sedentariness may also differ in a similar pattern [47], a weekday/weekend classiﬁcation was listed in
the potential covariates. The region is also a possible covariate. Thus, provinces were divided into the
north and south by a most widely accepted boundary in China, which is intensively applied in studies
investigating the regional differences [48,49].
Daily data of ambient temperature and weather were obtained from the China Central
Meteorological Observatory and matched in accordance with GPS and time information.
The temperature was categorised into quartiles. Weathers were divided into sunny, cloudy and
overcast and rainy days.
As variations in wearing time of the activity tracker and wake time are likely to cause differences
in recorded sedentary time, monitored wake time was added as a covariate in the analyses.
2.5. Statistical Analysis
Two-level linear regression analyses were conducted to investigate the association of air quality
and sedentary time. The records of each participant in each day were nested within individuals.
Between days, the association between air quality and sedentary behaviour was anticipated to exhibit
temporal autocorrelation. Thus, the repeated covariance type was set as ﬁrst-order autoregressive
structure. We used restricted maximum likelihood estimation of variance components.
Firstly, a null model was conducted to determine the necessity of multilevel analysis. Secondly,
we investigated the unadjusted and adjusted associations between sedentary time and individual
factors, including age, gender, BMI and region, and other potential covariates, such as weather,
temperature and weekday/weekend classiﬁcation. Finally, both unadjusted and adjusted associations
between sedentary time and air quality were investigated. The full model included all variables
mentioned above. All statistical analyses were conducted using IBM SPSS Statistics v20.0 with
a signiﬁcance level of p = 0.05.
3. Results
3.1. Sedentary Time and Potential Covariates
The descriptive characteristics of 3270 included participants are shown in Table 1. A total of
2021 males and 1249 females were included in this study. The mean age was 30.54 years with a range
from 18 years to 86 years. The majority of participants had a normal weight. The mean monitored
duration was 11.43 days, longer than the required monitored time in most previous studies [50–53].
A person-day means a monitored day of a participant, and a total of 37,361 person-days were recorded,
which is the sum of the numbers of monitored days of all participants. The mean sedentary time in
males was 585.56 min/day, slightly higher than 562.65 min/day in females.
Table 1. Descriptive information of the study participants.
Total

Male

Female

t/χ2

Number of participants (%)

3270 (100)

2021 (61.8)

1249 (38.2)

-

-

Person-day
Wearing time/day, hour; mean (SD)
Monitored duration, day; mean (SD)

37,361
22.69 (0.98)
11.43 (4.15)

23,225
22.67 (1.00)
11.49 (4.11)

14,136
22.71 (0.94)
11.32 (4.20)

−4.69 ***
1.17

0.000
0.244

Age group (%)
18–29
30–39
40–49
Above 50

1763 (53.9)
1171 (35.8)
247 (7.6)
89 (2.7)

1089 (53.9)
723 (35.8)
145 (7.2)
64 (3.2)

674 (54.0)
448 (35.9)
102 (8.2)
25 (2.0)

4.86

0.182
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Table 1. Cont.
Total

Male

Female

t/χ2

p

757 (23.1)
2175 (66.5)
327 (10.0)
11 (0.3)

376 (18.6)
1386 (68.6)
258 (12.8)
1 (0.0)

381 (30.5)
789 (63.2)
69 (5.5)
10 (0.8)

104.04 ***

0.000

576.89 (146.93)

585.56 (149.22)

562.65 (141.94)

14.84 ***

0.000

BMI level (%)
Underweight
Normal
Overweight
Obese
Sedentary time/day, minute; mean (SD)

*** p < 0.001.

The mean sedentary time per day was 585.56 min (standard deviation (SD): 149.22) in men and
562.65 min (SD: 141.94) in women based on the data collected by the activity tracker. Chinese adults
spent nearly 10 h per day on sedentary behaviour. Table 2 shows the associations between sedentary
time and potential covariates. The results show that signiﬁcant association exists between gender
and sedentary time (min/day). In the adjusted models, women spent approximately 25 min lesser
sedentary time than men (p = 0.000). Weather is also signiﬁcantly associated with sedentary time.
On rainy days, sedentary time was 6.73 min longer than sunny days and 5.84 min longer than cloudy
and overcast days (p = 0.003 and 0.002, respectively). Moreover, sedentary time was 47.43 min longer
in weekdays compared with weekends (p = 0.000).
Table 2. Associations between sedentary time (minutes) and potential covariates.
Adjusted 1

Unadjusted

95% CI

p

Age

18–29
30–39
40–49
≥50 (ref)

12.51 (9.88)
4.04 (10.00)
−6.73 (11.27)
-

−6.86, 31.89
−15.57, 23.64
−28.83, 15.37
-

0.205
0.686
0.550
-

9.76 (10.81)
0.54 (10.91)
−7.40 (12.32)
-

−11.45, 30.96
−20.87, 21.94
−31.58, 16.77
-

0.367
0.961
0.548
-

Gender

Female
Male (ref)

−21.90 (3.29) ***
-

−28.35, −15.45
-

0.000
-

−24.69 (3.71) ***
-

−31.96, −17.43
-

0.000
-

Underweight
Normal
Overweight
Obese (ref)

−13.36 (28.67)
−12.95 (28.54)
−11.19 (28.93)
-

−69.57, 42.85
−68.92, 43.00
−67.91, 45.53
-

0.641
0.650
0.699
-

−53.87 (33.49)
−60.57 (33.36)
−60.02 (33.78)
-

−119.53, 11.79
−125.99, 4.85
−126.27, 6.22
-

0.108
0.070
0.076
-

Region

North
South (ref)

−5.77 (3.50)
-

−12.63, 1.10
-

1.00
-

−6.51 (4.12)
-

−14.60, 1.58
-

0.115
-

Weather

Sunny
Cloudy and
overcast
Rain (ref)

−8.04 (2.30) ***

−12.55, −3.52

0.000

−6.73 (2.28) **

−11.24, −2.23

0.003

−3.67 (1.89)

−7.39, 0.05

0.053

−5.84 (1.88) **

−9.53, −2.16

0.002

-

-

-

-

-

0.000

BMI

Weekday/
weekend
Temperature

Estimate (SE)

95% CI

p

Estimate (SE)

Weekdays

48.57 (1.44) ***

45.74, 51.39

0.000

47.43 (1.69) ***

44.12, 50.74

Weekends (ref)

-

-

-

-

-

-

<20
20–22.1
22.1–25
≥25 (ref)

2.95 (3.18)
10.51 (2.76) ***
6.12 (2.51) *
-

−3.27, 9.18
5.09, 15.92
1.20, 11.05
-

0.353
0.000
0.015
-

−0.57 (3.49)
5.54 (3.06)
4.13 (2.76)
-

−7.42, 6.28
−0.47, 11.55
−1.29, 9.54
-

0.870
0.071
0.135
-

1

The adjusted model included all seven variables. * p < 0.05, ** p < 0.01, *** p < 0.001

3.2. Air Quality and Sedentary Time
The ambient air quality during monitored days is presented in Table 3. PM2.5 , PM10 and O3 are
the major air pollutants in China. The mean concentrations of PM2.5 at 24 h, PM10 at 24 h, and O3 at
8–24 h are 38.69, 64.02 and 124.43 μg/m3 , which are higher than the national primary limits (10.54%,
28.04% and 24.43%, respectively) [23]. In the majority of the monitored days, the air quality was
excellent (31.3%) and good (51.1%). However, several of the monitored days were still lightly polluted
(16.5%) and moderately and heavily polluted (1.2%).
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Table 3. Descriptive statistics of air quality 1 .
AQI Categories, Days (%)
Excellent (AQI = 0–50)
Good (AQI = 50–100)
Lightly polluted (AQI = 100–150)
Moderately and heavily polluted (AQI > 150)

11,680 (31.3)
19,088 (51.1)
6155 (16.5)
438 (1.2)

PM2.5 Levels, Days (%)
0–35 μg/m3
35–75 μg/m3
75–115 μg/m3
>115 μg/m3

18,594 (49.8)
16,485 (44.1)
2112 (5.7)
170 (0.5)

PM10 Levels, Days (%)
0–50 μg/m3
50–150 μg/m3
150–250 μg/m3
>250 μg/m3

13,087 (35.0)
23,630 (63.2)
626 (1.7)
18 (0.0)

O3 Levels, Days (%)
0–160 μg/m3
160–200 μg/m3
200–300 μg/m3
>300 μg/m3

23,960 (64.1)
7716 (20.7)
5423 (14.5)
262 (0.7)

1

The classiﬁcation of AQI and concentrations of air pollutants are according to the Ambient Air Quality Standards
in China.

Table 4 reports both unadjusted and adjusted associations between sedentary time and air quality.
The results indicate a signiﬁcant association between sedentary time and air quality. In days with
excellent, good and lightly polluted air quality, people spent approximately 20 min lesser sedentary
time than in moderately and heavily polluted days (Table 4). The sedentary time in days when the
concentration of PM2.5 is above 115 μg/m3 was approximately 45 min longer than in other days with
lower concentration of PM2.5.
Table 4. Associations between air quality and sedentary time (minutes).
Adjusted 1

Unadjusted
Estimate (SE)

95% CI

p

Estimate (SE)

95% CI

p

Excellent
Good
Lightly polluted
Moderately and
heavily polluted (ref)

−12.21 (6.56)
−17.44 (6.51) **
−9.10 (6.48)

−25.08, 0.65
−30.20, −4.69
−21.79, 3.60

0.063
0.007
0.160

−19.20 (8.63) *
−22.92 (7.94) **
−21.28 (7.91) **

−34.91, −3.49
−38.48, −7.35
−36.78, −5.78

0.017
0.004
0.007

-

-

-

-

-

-

PM2.5

0–35 μg/m3
35–75 μg/m3
75–115 μg/m3
>115 μg/m3 (ref)

−36.80 (10.64) ***
−36.77 (10.63) ***
−33.13 (10.80) **
-

−57.65, −15.94
−57.61, −15.93
−54.29, −11.96
-

0.001
0.001
0.002
-

−45.35 (12.21) ***
−45.74 (12.19) ***
−45.54 (12.35) ***
-

−69.29, −21.41
−69.64, −21.84
−69.74, −21.33
-

0.000
0.000
0.000
-

PM10

0–50 μg/m3
50–150 μg/m3
150–250 μg/m3
>250 μg/m3 (ref)

−32.81 (32.87)
−36.31 (32.85)
−26.47 (32.92)
-

−97.24, 31.62
−100.68, 28.07
−90.99, 38.06
-

0.318
0.269
0.421
-

−32.59 (32.60)
−35.65 (32.57)
−31.07 (32.66)
-

−96.49, 31.31
−99.48, 28.18
−95.08, 32.94
-

0.318
0.274
0.341
-

O3

0–160 μg/m3
160–200 μg/m3
200–300 μg/m3
>300 μg/m3 (ref)

−3.74 (8.25)
−2.68 (8.30)
3.93 (8.16)
-

−19.83, 12.34
−18.94, 13.58
−12.05, 19.92
-

0.648
0.747
0.629
-

−6.17 (10.57)
−6.14 (10.63)
−5.53 (10.50)
-

−26.89, 14.55
−26.98, 14.69
−26.11, 15.04
-

0.560
0.563
0.598
-

AQI

1 Adjusted for gender, weather, temperature, weekday/weekend and monitored wake time per day. * p < 0.05,
** p < 0.01, *** p < 0.001.
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4. Discussion
The objective of this study was to investigate the association between air quality and sedentary
time in Chinese adults, providing evidence for future environmental risk assessment and health
behaviour intervention. A wrist-worn activity tracker with an algorithm modiﬁed from Sedentary
Sphere was utilised to monitor sedentary time. Multilevel analyses were conducted with adjustment
for individual factors, temperature, weather and weekday/weekend classiﬁcation.
The results indicated that air quality was independently associated with sedentary time in
Chinese adults. This ﬁnding corresponds to several previous studies to some extent. For example,
Hu et al. reported that people’s participation in outdoor exercise decreases as air pollution severity
increases [31], and Salmon et al. determined that air pollution was signiﬁcantly associated with
an increase in sedentary time [34]. This result also supported the assumption of the socio-ecological
model that air quality is an important physical environmental correlate of sedentary behaviour [11].
There are several possible explanations for this ﬁnding. Directly, air pollutant inhalation would impair
vascular and lung function and decrease exercise performance [54,55], leading to less active time.
Indirectly, smog appearance [30], media alerts [27] and mood [13] could play an intermediary role
in this relationship. When the ambient air quality is poor, people may cancel their plans of outdoor
activity and instead stay indoors sedentarily because of concerns about the potential negative effects
of air pollution on health [56]. Further studies are needed to explore more plausible mechanisms.
The ﬁnding suggests that better AQI levels were signiﬁcantly associated with approximately
20 min reduction in sedentary time, and lower levels of PM2.5 pollution were associated with
approximately 45 min reduction in sedentary time. We compared these magnitudes of effects with
those of several other environmental factors of sedentary time in previous studies. Compared with long
day length and good weather conditions, short day length and poor weather conditions, including high
precipitation and low temperatures, were associated with 15 min longer sedentary time [57]. Notably,
women living in medium- and high-walkable neighbourhoods reported signiﬁcantly 14 and 17 min
less TV viewing time per day compared with those residing in low-walkable neighbourhoods [19].
This comparison indicated that the magnitude of the effect of air quality may be equal to or larger than
some other factors at the environmental level.
According to the results of this study, people tend to prolong their sedentary time in moderately
and heavily polluted days. Therefore, in these days, it is particularly necessary to remind people not
to spend too much time on sedentary behaviour and perform more other indoor activities. Given
that air quality is an important factor of sedentary time, the government and the public should make
efforts to reduce air pollution not only for its direct impairment on health [25,26] but also for its
association with unhealthy behaviours. However, considering that the exact amount of sedentary time
a person would have to reduce in order to achieve meaningful health beneﬁts is still unclear due to the
preference to categorisation of sedentary time in previous studies [58], further studies are needed to
investigate whether the magnitudes of effects of improved air quality are large enough to help people
gain a signiﬁcantly decreased mortality.
Admittedly, this study presents limitations. Firstly, the map (Figure 1) shows that the sample
is not balanced amongst provinces. The majority of participants were in the east and the middle.
Thus, the sample might not be entirely representative for the entire country. However, participants
were from 33 out of 34 provinces, autonomous regions and municipalities of China, and the majority
of Chinese population reside in the east and the middle [59]. Thus, the participants in this study could
still reﬂect the current situation of Chinese adults to some extent. Secondly, although the sample
size was relatively large, the monitored days were unevenly distributed in each air quality level.
Moreover, buyers of the wrist-worn activity tracker could share several common characteristics, such
as socio-economic status and exercise habits, such that the participants are not entirely representative
of all Chinese citizens. In addition, this study is unable to distinguish contexts of sedentary behaviour,
such as occupational, trafﬁc-related and leisure sedentariness, which limits further analyses. Finally,
one limitation of Sedentary Sphere is that its classiﬁcation accuracy for sitting postures was reported
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to be approximately 60%, with the majority of misclassiﬁcations occurring during the sitting postures
that did not involve any accompanying hand movement [39,41]. However, although the accuracy rate
of Sedentary Sphere is lower than that of activPAL and ActiGraph, the effects of this weakness can be
attenuated if the sample size is sufﬁcient. Regardless, the relationship between air quality and sedentary
behaviour requires further investigation with the assistance of novel data processing technologies.
The strengths of this study lay in its novel posture determination algorithm, relatively large sample
size, well-matched air quality data and multilevel analyses. Firstly, instead of determining sedentary
time merely based on energy expenditure, Sedentary Sphere was applied and assisted in estimating
sedentary time. In addition, the affordable cost of this commercial wrist-worn activity tracker with
acceptable validity allowed a relatively large sample size in our study. A total of 3270 participants
from 33 of 34 provinces in China were included in the analysis. However, only few previous studies
applied this novel technology. The application of Sedentary Sphere in the current study showed its
potential to expand more possibilities for future studies. Moreover, in previous studies investigating
the relationship between air quality and physical activity, self-reported physical activity data were
commonly matched to monthly average air quality parameters. By contrast, in the current study, daily
data of sedentary time and parameters of 24 h air quality where sedentary behaviours occurred were
accurately matched, leading to better precision. Besides, unlike previous studies [27–29,31], we used
multilevel modelling including a within-subject component, which increases the power of this study
and helps make more causal interpretations.
5. Conclusions
Air quality appears to be an important factor associated with sedentary time of Chinese adults.
People spent signiﬁcantly longer sedentary time in moderately and heavily polluted days than in other
days with better air quality.
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Abstract: There is a growing interest in the use of augmented reality (AR) to assist children and
adults with autism spectrum disorders (ASD); however, little investigation has been conducted into
the safety of AR devices, such as smartglasses. The objective of this report was to assess the safety
and potential negative effects of the Empowered Brain system, a novel AR smartglasses-based social
communication aid for people with ASD. The version of the Empowered Brain in this report utilized
Google Glass (Google, Mountain View, CA, USA) as its hardware platform. A sequential series
of 18 children and adults, aged 4.4 to 21.5 years (mean 12.2 years), with clinically diagnosed ASD
of varying severity used the system. Users and caregivers were interviewed about the perceived
negative effects and design concerns. Most users were able to wear and use the Empowered Brain
(n = 16/18, 89%), with most of them reporting no negative effects (n = 14/16, 87.5%). Caregivers
observed no negative effects in users (n = 16/16, 100%). Most users (77.8%) and caregivers (88.9%) had
no design concerns. This report found no major negative effects in using an AR smartglasses-based
social communication aid across a wide age and severity range of people with ASD. Further research
is needed to explore longer-term effects of using AR smartglasses in this population.
Keywords: Autism; autism spectrum disorder; augmented reality; technology; Google Glass; social
communication; safety; smartglasses; digital health; Amazon; Amazon Web Services; Google

1. Introduction
Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder affecting 1 in 68 children in
the United States [1] and is characterized by social communication impairment as well as the presence
of a restricted and/or repetitive range of interests and behaviors [2]. The rising prevalence of ASD
has increased the demand for educational and behavioral services, often exhausting these limited
resources [3,4]. There has been considerable interest in the development and study of technology-aided
approaches for the social, cognitive, and behavioral challenges related to ASD [5–7]. Technology-aided
approaches may be especially suitable for people with ASD given that some of these individuals
may show a natural propensity to utilize digital tools [8], display a fondness for electronic media [9],
express a preference for standardized and predictable interactions [8], enjoy game-like elements [10],
and/or favor computer-generated speech [11]. However, technology may also have negative effects in
some people with ASD. Individuals may develop problematic video game use [12], and can become
agitated or disruptive when attempting to disengage from video games [12]. Anecdotally, many
caregivers describe meltdowns and other episodes of behavioral dysregulation in children with ASD
when attempting to stop them playing on smartphone and/or tablets [13].
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Evidence suggests that a broad range of technology-aided interventions, such as those
using computer programs and virtual reality (VR), may be effective for people with ASD [5].
Technology-based interventions have been found to be beneﬁcial for improving a wide range of
skills and behaviors, including aiding social and emotional skills [14,15], communication ability [15],
academics [16], employment proﬁciencies [6], and challenging behaviors [14]. Additionally, teaching
of socio-emotional skills to children and adolescents with ASD is important, as it can help them
prepare for the workplace [6,17]. This is a key consideration, as the current rates of unemployment
and underemployment among people with ASD are high [18], and the social demand of job and job
interviews have been identiﬁed as a key challenge [19].
There is particular interest in interventions that help users learn while continuing to interact with
the people and environment around them. Learning socio-emotional skills in real life settings (such as
in social skills groups) may increase the chance that these behaviors will generalize to the challenges
of daily life [20]. Augmented reality (AR) is a technology that holds considerable promise in this
regard, allowing users to see and interact with the real world around them, while virtual objects and
audio guidance are provided through a visual overlay and audio speakers (Figure 1A,B). In contrast,
current VR headsets place users and their senses into an entirely virtual world, while simultaneously
removing their ability to see and sense real-world stimuli, hazards, and social situations around them
(Figure 1C). In contrast to VR headsets, AR allows users to see their real-world environment, allowing
them to navigate an environmental hazard more readily, or to socially engage with another person.
Nonetheless, AR incorporates many of the features of VR that are thought to make VR technology well
suited to the creation of learning tools for people with ASD [21], including being a primarily visual
and auditory experience, being able to individualize the experience, promoting generalization and
decreasing rigidity through subtle, gradual modiﬁcations of the experience [21].

A

B

C

Figure 1. Head-worn Computers or Displays Vary in Size, Weight, and Face-Obstruction. (A) Glass
Explorer Edition (originally known as Google Glass): AR smartglasses with a fully stand-alone onboard
computer (weight 42 grams). (B) Microsoft Hololens: AR headset with a fully stand-alone onboard
computer and depth camera (weight 579 grams). (C) Oculus Rift: VR headset display, which must
be tethered continuously to a powerful computer to drive it (weight 470 grams). VR headsets and
some AR devices are large, heavy, and block the social world considerably. Image depicts the study
author, NTS.

AR experiences can also be easily modiﬁed and personalized for each individual, an important
consideration given that many people with ASD exhibit intense interest in a restricted range of topics
and may experience extreme distress if changes to their routine/environment occur [2]. AR experiences
are also not restricted solely to real-world limitations on time, space, and resources. For instance, users
may have the opportunity to interact with objects or experiences from historical or fantasy worlds, or a
simpliﬁed and cartoon-like interaction, where the sensory and perceptual experiences may be reduced
in complexity and/or magnitude.
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Most ASD-related research into AR has focused on the use of smartphone- and/or tablet-based
apps. While research has been limited, AR apps on smartphones/tablets have been shown to improve
selective and sustained attention [22], attention to social cues [23], the ability to understand emotions
and facial expressions in storybook characters [23], and navigating the physical world when attempting
to ﬁnd employment opportunities [24]. However, smartphone-based AR may carry with it a risk of
negative effects, including grip and postural strain, minor falls, and falls leading to major trauma and
blindness [25,26].
While AR has been investigated as an educational medium for ASD children for at least a
decade [27], minimal research has been conducted into the safety of head-mounted AR in ASD
populations. This has potential implications, as head-mounted AR, in particular, smartglasses,
may offer advantages compared to smartphone- or tablet-based AR and may be the optimal future
platform for AR [28,29]. The generalized use of AR smartglasses may still be in its infancy, but the use of
such devices will be fueled by their ability to improve social interactions and relationships, making life
more efﬁcient, and provide enjoyment and fun to the user [30]. AR smartglasses may also be beneﬁcial
tools for clinical research. AR smartglasses contain a wide array of sensors. These are intended to allow
for basic features, such as gesture-based control of the devices (to make up for the lack of keyboards
and traditional input devices). However, we have shown that these sensors can also be used creatively
to collect quantitative data that may help assess brain function [31]. Analysis of quantitative data from
sensors in smart-devices may help to advance digital phenotyping of neurobehavioral conditions [31].
To our knowledge, we have published the ﬁrst reports on the use of AR smartglasses in children with
ASD [31–36].
Even in VR, about which there are many more reports in the literature, there are very few reports
on people with ASD using modern VR headsets [37,38]. Therefore, it would be useful to understand
how children and adults with ASD respond to AR smartglasses, particularly when the smartglasses
function as an assistive device loaded with specialized assistive social and behavioral coaching
software [31]. Of primary importance in assessing a new assistive technology is the assessment of (a)
the safety of such an approach and (b) any potential negative effects.
There are both human and device factors that make it conceivable that even commercially-available
AR technology could elicit concerns regarding safety or negative effects when applied as an assistive
technology for this special population.
Firstly, in regard to human factors, it has been widely reported that people with ASD have
a range of sensory [2,39], motor [40], and cognitive challenges [41,42], as well as strong negative
reactions to transitions [43]. More speciﬁcally, atypical reactivity to sensory inputs, such as touch,
sound, temperature, and sight, is a diagnostic criterion of ASD [2], affecting up to 93% of people with
the condition [44]. Altered sensory reactivity is also highly heterogeneous in the ASD population.
Each member of this diverse spectrum may be affected across several senses with hyper- or
hypo-sensitivities, representing a complex matrix of sensory subtypes [39]. It is therefore important
to determine whether individuals can safely use smartglasses for an extended period and to monitor
how they respond to visual, auditory, and vibrotactile cues, delivered through the device.
Secondly, there may be safety concerns because ASD is often associated with altered motor
movements, such as repetitive behaviors (a “core” symptom of ASD) [2] or impairments of motor
coordination [40]. It is thus important to assess if such motor challenges may lead to falls or injury
when people with ASD utilize AR smartglasses [40].
Thirdly, people with ASD may differ in their ability to remain attentive and focus on using
smartglasses as part of social communication training, especially given the high rate of comorbidity
between ASD and attention deﬁcit hyperactivity disorder [45]. Some individuals may ﬁnd themselves
becoming distracted when using AR or in the process of becoming familiar with using AR while
simultaneously navigating the real world [46].
These attentional difﬁculties may compound the motor coordination challenges in ASD,
as mentioned above, increasing the potential of AR smartglasses use to cause falls and/or trips.
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Additionally, over 30% of children with ASD demonstrate wandering/elopement behavior, and it
would be prudent to investigate any technology that would affect their perception, attention, and ability
to avoid hazards [47].
Finally, people with ASD may face major challenges in coping with transitions in activities [2,48]
and have demonstrated oppositional deﬁant behaviors and aggression when asked to stop playing
video games [12] or stop using a piece of technology [13]. This suggests a possible risk of meltdown
when an AR session is ended, though it remains to be seen whether stopping the use of smartglasses
results in less difﬁculty than when stopping the use of a smartphone or tablet (which may be more
engrossing or cognitively demanding).
Instruction manuals for AR smartglasses are an additional indication that there may be
device-related factors that result in risks. For instance, the Microsoft HoloLens manual identiﬁes
the potential side effects as nausea, motion sickness, dizziness, disorientation, headache, fatigue,
eye strain, dry eyes, and seizures [49], although their occurrence among users with ASD has not been
studied. There is evidence that Google Glass can reduce the visual ﬁeld of users’ right eye, although
this effect seems mostly attributable to the frame of the glasses [50].
Few studies have investigated how these new AR devices may impact the perceptual abilities
of regular users, raising concerns that some individuals may become distracted, have altered
reaction times, misjudge hazards in the real-world, and/or experience altered distance and speed
perception [46].
AR may share a subset of the risks of VR, and VR research has reported potential side effects
that include eye strain, headache, and disorientation during the use of a VR headset [51]. However,
there have been continuous advances in VR technology, and a recent study noted that people with ASD
experienced relatively few negative effects when using a VR headset of the modern generation [38].
Assessing negative effects in people with ASD is not a simple undertaking, given that these
individuals have challenges in communicating their experiences. It is therefore important to explicitly
ask for their feedback, and seek feedback from their caregivers to have a more comprehensive method
for detecting any negative effects.
2. Aims of Research
Given the potential for AR smartglasses to be used in people with ASD, and yet the uncertainty
as to whether this technology would be safe in this population, we studied a speciﬁc AR smartglasses
technology in 18 children and adults with ASD. The system used in this study was the Empowered Brain,
previously called the Brain Power Autism system (BPAS) (Brain Power, LLC, Cambridge, MA, USA) [31].
2.1. The Empowered Brain System
The Empowered Brain is a social communication aid that consists of AR smartglasses with apps
that allow children and adults with ASD to coach themselves on important socio-emotional and
cognitive skills [31,32]. The typical session length of a Empowered Brain intervention is 10 min in
duration, and a session is typically conducted once or twice a day.
Users of the Empowered Brain learn life skills through gamiﬁed interactions and a combination
of intrinsic and extrinsic rewards for successfully completing tasks. In certain situations, such
as coaching of appropriate face-directed gaze and emotion recognition, the Empowered Brain is
designed to be used while the user is interacting with another person. The system was designed using
serious game principles and an iterative process, where continuous feedback from people with ASD,
clinicians, neuroscientists, educators, caregivers, design specialists, and engineers helped to develop
the system that was used in this report. Additionally, the facial affective analytics component of the
Empowered Brain was developed in partnership with Affectiva, an emotion artiﬁcial intelligence
company. Other artiﬁcial intelligence functions of the Empowered Brain (deep learning and machine
learning) have been developed through a partnership with Amazon (Seattle, WA, USA). The work
was also made possible by Google, Inc., (Mountain View, CA, USA), now known as Alphabet, Inc.,
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(Mountain View, CA, USA), who provided substantial hardware as well as guidance in engineering.
Engineering guidance, including how best to develop apps that would be accessible to a diverse set of
users, was provided, in part, through the Glass Enterprise Partnership Program.
The Empowered Brain is designed to be accessible to people with ASD and to minimize potential
negative effects. A number of elements were used to achieve this, including, but not limited to, the use
of calming tones and emotional artiﬁcial intelligence, the minimization of audio and visual sensory
load, graduated transitions between learning segments, and the modiﬁcation of the functionality of
the tactile input surfaces of the smartglasses. In this study, we focused on understanding the safety
and potential negative effects that children and adults with ASD may experience as they use AR
smartglasses that are delivering cognitive and social self-coaching apps.
2.2. Technical Speciﬁcations of Empowered Brain
The Empowered Brain in this report is based on Google Glass Explorer Edition (Google Glass
XE) (Figure 1A) [52]. Google Glass XE are titanium-framed smartglasses, with a high resolution
right-sided monocular optical display. Google Glass EE contains a 5-megapixel camera, and can record
video at 720p [52]. Audio is generated through a bone conduction transducer on the right side of the
smartglasses. It has a lithium ion battery with a capacity of 670 mAH. Battery life in medical settings
has been documented as being between 8.5–10 h, although it may be signiﬁcantly shortened when
running high demand applications [53]. The Empowered Brain combines Google Glass XE with a
series of apps that help to coach social and emotional skills (summary in Table 1 and [31]).
Table 1. Intervention focus of Empowered Brain Software Applications.
Empowered
Brain App

ASD-Related
Challenge

Educational
Element

Face2Face

Reduced attention
to faces

Increased attention
to human faces

Emotion
Charades

Difﬁculty in
recognizing facial
emotions of others

Improved ability to
recognize human
facial emotions

Transition
Master

Difﬁculty in
handling change of
physical
environment

Enhanced ability to
handle
environment/task
transitions

Software Element

Interactivity

AR guidance of user to the face of
facilitator using game-like interface,
guidance arrows and
cartoon-like masks.
App detects human face and identiﬁes
emotion displayed. User tilts head
corresponding to emotion on human
face. Head movement is detected by
Empowered Brain (Google
Glass) sensors.
App presents user with 360-degree
visual image of another environment.
User explores environment through
head movements that are detected by
Empowered Brain sensors.

Requires live facilitator to
be present. Face of
facilitator is utilized
by app.
Two-person interaction,
requires facilitator to be
present. Facial emotions of
facilitator are utilized
by app.
No interactive facilitator
required. User can interact
with the
environment alone.

2.3. Face2Face
Human faces are the richest source of socially salient information on humans, information that is
crucial to successful social functioning [54]. People with ASD have been found to have a wide range of
impairments to their ability to attend to faces, recognize facial emotions, and demonstrate neurotypical
patterns of socially-related eye gaze [55–59]. The Empowered Brain includes the Face2Face app,
a game-like software that uses a range of strategies to coach users to attend to human faces (Figure 2).
The user, while wearing the Empowered Brain with Face2Face running, sits in front of a human
partner who will help to facilitate the interaction. The Face2Face app is able to detect the presence of a
human face in its visual ﬁeld.
Face2Face determines where the user is looking relative to the partner’s face, and generates a
series of AR elements in the user’s ﬁeld of view (Figure 2). These AR elements, such as guidance
arrows and cartoon-like masks, are designed to guide the user to look towards the partner’s face if
attention is lost. The guidance arrows help to direct the user towards the partner’s face, dynamically
lengthening and shortening in accordance with the user’s head movements. The cartoon-like mask is
overlaid over the partner’s face to improve the attention and motivation of the user to move their head
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in the direction of the face. The cartoon-like mask becomes more translucent as the user moves to look
closer to the partner’s face. Based on the user’s performance, points are awarded, and the user can
‘level up’, unlocking further cartoon-like elements. Short auditory tones that correspond with various
game events are present throughout the experience, and are delivered through the bone conduction
transducer on the right side of the Empowered Brain smartglasses.

Figure 2. Face2Face module. Representative screen-capture image demonstrating a moment of what a
Face2Face user experiences. Face2Face is one of the apps or modules of the Empowered Brain wearable
system. This module includes artiﬁcial intelligence that ﬁnds and tracks faces, and is designed to make
an engaging video game-like experience out of learning to direct one’s gaze toward a partner when
conversing. Through the computer screen of the wearable smartglasses headset (such as Google Glass),
the user gets feedback that encourages face-directed gaze. For instance, in the moment represented
here, the user is guided to redirect attention back to the partner’s face via tones, visual words, and a
dynamic arrow (drawing on “universal design for learning” by engaging multiple alternative senses
and channels of reinforcement simultaneously). When mutual gaze is re-established, the user continues
to earn points, stars, and temporary cartoon facemasks for achievement levels.

2.4. Emotion Charades
The Empowered Brain also includes Emotion Charades, an app that helps to teach human
facial emotions through a game-like experience. Emotion Charades, like Face2Face, requires a
partner to be present. The focus of the experience is the human-human interaction, with game
providing motivation, a semi-scripted paradigm within which to interact, and tracking of progress
over time. Emotion Charades, the Empowered Brain can not only detect a human face, but also identify
the emotional expression that is being displayed through emotion artiﬁcial intelligence technology
(Affectiva, Boston, MA, USA). Once an emotion has been detected by the device, two different AR
emojis are presented to the user via the private optical display on Glass (Figure 3). One emoji
corresponds to the facial expression of emotion that the partner is displaying, while the other does
not. The user is asked to identify the correct emoji using a simple left or right head tilt. The head
movements are detected by the software using in-built motion sensors of the headset. A correct choice
triggers on-screen visual and verbal rewards and an auditory cue. Like Face2Face, short audio cues,
corresponding to different game events, are delivered via the bone conduction transducer.
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Figure 3. Emotion Charades module. Snapshot of what appears on the smartglasses screen during a
representative moment during the Emotion Charades module. The moment depicted is immediately
after the user has correctly chosen the “happy” emoticon as the one that represents the emotional
expression on the face of the partner. The user gets multi-sensory automated feedback, and additionally
the partner is cued to give the user speciﬁc prompts and mini-exercises to reinforce increasing levels of
processing of the target emotions.

2.5. Transition Master
The Empowered Brain system also incorporates Transition Master, an app that can familiarize a
user with a new environment by allowing her or him to interact with and view a 360-degree image of the
physical location, as displayed by the optical display of the smartglasses (Figure 4). Transition Master
is designed to help users with changes in environment. Many people with ASD commonly experience
extreme distress during a change of activity or environment [2]. In the app, the 360-degree image of the
“new” location is shown on the optical display. The 360-degree view dynamically changes in real-time
with the head movements of the user. Transition Master, unlike Face2Face or Emotion Charades,
does not require another person to be a facilitator, or to present a stimulus to the user. Auditory cues
and sounds are provided during the experience. The user can tap the headset to transport to other
linked rooms or areas when viewing a door, hallway, or other way one would naturally move though
the space in reality.

Figure 4. Transition Master Module. Spherical, immersive images can readily be taken of a new place
such as a new classroom, or stressful environments such as a crowded or noisy mall or restaurant.
These images are displayed by the Empowered Brain headset, offering the user exposure to an
unfamiliar setting or context and the ability to practice navigating the environment before visiting it
in person.
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3. Methods
The methods and procedures of this study were approved by Asentral, Inc., Institutional Review
Board, an afﬁliate of the Commonwealth of Massachusetts Department of Public Health. The study
(2015-405A) was performed in accordance with relevant guidelines and regulations. The study was
conducted in accordance with the Declaration of Helsinki.
User Recruitment
A sequential sample of 18 children and adults with ASD were recruited from a database of
individuals who completed a web-based signup form, expressing interest in our study (mean age
12.2 years, range: 4.4–21.5 years; Table 2). Users included males and females, both verbal and
non-verbal, and represented a wide range of ASD severity levels. Caregivers conﬁrmed that the
participants had received a professional ASD diagnosis.
Table 2. Demographics of Study Participants.
Demographics
Number of Participants
Age (mean ± SD)
Participant gender
Verbal or nonverbal
Social Communication Questionnaire
(SCQ) Score (mean ± SD)

12.2 ± 5.2
Male: 16 (88.9%)
Verbal: 16 (88.9%)

18
Range = 4.4 years–21.5 years
Female: 2 (11.1%)
Nonverbal: 2 (11.1%)

18.8 ± 6.75

Range = 6–28

A Social Communication Questionnaire (SCQ) was completed for all users, with scores ranging
from 6 to 28, with an average of 18.8. The SCQ is a validated way to obtain diagnostic and screening
information about ASD [60,61]. Information regarding sensory symptoms was available in 14 of the
18 users, with the majority of those users having sensory challenges (n = 13/14, 92%).
Written and informed consent was obtained from all adult research participants and from the
parents/legal guardians of all minors. Participants between 7 and 17 years-old additionally provided
written consent, when appropriate. Every user was accompanied by a caregiver, and participants and
caregivers could exit the session at any time and for any reason. Written and informed consent
was obtained from all adults and the parents/legal guardians of all minors for the publication
of their identiﬁable images. Consent was obtained for video and audio recording of the sessions.
No compensation was offered to any participant or caregiver for taking part in the study, although
reimbursement for their parking expenses was offered.
4. Exclusions
Individuals who had expressed interest via the website signup, but who had a known history of
epilepsy or seizure disorder, were not enrolled in this study. Participants who had an uncontrolled or
severe medical or mental health condition that would make participation in the study very difﬁcult
were also not enrolled. Two individuals were excluded due to the above criteria.
Data Collection Procedure
All testing was undertaken in a controlled research environment, and each participant (user) was
accompanied to the session by their caregiver. Each user–caregiver dyad was tested separately. A total
of 18 user–caregiver dyads participated in the below intervention; 2 were excluded due to meeting the
exclusion criteria, stated above.
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Each user and caregiver was asked to sit on chairs facing one another (Figure 5). A doctoral level
clinical researcher oriented users and caregivers to the Empowered Brain hardware [Google Glass XE
(Figure 1A)]. Users who could physically wear the smartglasses for at least one minute were allowed
to proceed to testing the different Empowered Brain social and cognitive coaching apps (Table 1).
The users and caregivers interacted with each other through a series of gamiﬁed experiences on the
Empowered Brain.

Figure 5. Empowered Brain User-Caregiver Setup. In each session, the participant and caregiver sit
facing one another, promoting a ‘heads-up’ social interaction while trialing the apps. Written and
informed consent has been obtained for the publication of these images from the depicted adult and
from the parents/legal guardians of the minor.

The experiences were semi-structured in nature, with a total session duration of 60–90 min.
The level of variability in the session length, required to use the range of apps, was reﬂective of
the considerable range of ASD severity in the user group. After orientation and an assessment of
tolerability, users were able to use Transition Master, then Face2Face, followed by Emotion Charades
(Figure 6). Each user experienced each app for approximately 10 min (Figure 7). As previously noted,
the Empowered Brain has been designed to be used in 10 min sessions, either once or twice a day.
The relatively long duration of testing, relative to real-world use, was chosen in order to more robustly
assess the response of users to the technology.
The smartglasses were taken off the user by staff or the caregiver, as required, for the purpose of
repositioning, if the Empowered Brain application was to be changed or if there were user/caregiver
usability questions.
Following the experience with the system, structured interviews were conducted with users
and their caregivers. In the structured interviews, users and caregivers were asked to identify any
perceived negative effects of using the system, and could raise concerns or give comments about the
design of the smartglasses hardware as well as the apps.
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Figure 6. Outline of Phases of Study, including orientation to hardware, initial tolerability test of 1-min
duration, followed by 60–90 min multi-module testing period.

Figure 7. (A–D) Smartglasses Platform in Use. Four representative trial participants (A–D) wearing
the Empowered Brain. This version of the Empowered Brain used the Glass Explorer Edition device
(originally known as Google Glass). Written and informed consent has been obtained from the
parents/legal guardians of the minors for the publication of these images.
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5. Results
Sixteen of the 18 users (89%) tolerated wearing Empowered Brain smartglasses for at least one
minute. The two users who did not tolerate this initial testing did not use Empowered Brain apps.
While the two users and their caregivers did not report any adverse effects, the users did not express
an interest in wearing the Empowered Brain or continuing the testing session. It was noted that both
users were non-verbal, and were relatively young, aged 5.5 and 5.8 years. Of the remaining users,
14 out of 16 users (87.5%), and 16 out of 16 caregivers (100%), reported no minor negative effects,
and 100% of caregivers and users reported no major negative effects (Table 3; Figure 8).
Table 3. Negative Effects. Issues reported by users or caregivers during the testing session are
reported below.
Negative Effects

User (%, n)

Caregiver (%, n)

Notes

Gastrointestinal (nausea, vomiting)

0%, 0

0%, 0

Ophthalmic (eye strain, dry eyes, changes in vision)

6.3%, 1

0%, 0

Motor (trips, falls, abnormal motor movements)
Behavioral (tantrums, meltdowns)
Dermatologic (skin injury or burns, skin irritation)

0%, 0
0%, 0
0%, 0

0%, 0
0%, 0
0%, 0

Any complaint of discomfort

6.3%, 1

0%, 0

Minor neurological (headache, dizziness)
Major neurological (seizures, dystonia,
loss of consciousness)

6.3%, 1

0%, 0

None reported
Eye strain complaint, user took 20 s
break and continued without
further complaint
None reported
None reported
None reported
Nose pieces initially caused one
user discomfort.
One complaint of dizziness.

0%, 0

0%, 0

None reported

Figure 8. All Reported Negative Effects of the Empowered Brain System. Two users reported a total of
three negative effects. One user experienced dizziness and nasal discomfort, and one user experienced
eye strain. Caregivers reported that they observed no negative effects on users.

Negative effects were determined inductively. The three instances of negative effects were
reported by two users. The effects were all mild in nature, transitory in duration, and did not result in
session termination. The reported negative effects were one case of dizziness, one case of eye strain,
and one instance of initial nasal bridge discomfort. The caregiver of the user experiencing dizziness
later explained that the effect may have been related to the user not wearing his/her prescription
glasses, and that s/he had previously experienced similar dizziness when s/he had tried a modern
VR headset. This same user also experienced initial discomfort with the nose pads, but resolved the
discomfort by adjusting the placement of the smartglasses. The user who had complained of eye strain
resolved the issue with a 20-s break in testing.
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In users who passed the initial tolerability test, the majority of users and their caregivers did not
have any design concerns about the system (75% and 87.5% respectively) (Table 3). The only design
concern highlighted by users and caregivers was that the smartglasses became warm to the touch
during use, although this did not result in any negative effects (Table 4).
Table 4. Design concerns. Design concerns reported by users and by caregivers, including concerns
raised spontaneously during or following testing session, as well as those mentioned in response to
direct questions about design during structured interviews following testing sessions.
Design Concerns

User (%, n)

Caregiver (%, n)

Smartglasses (hardware)

25%, 4

12.5%, 2

Applications (software)

0%, 0

0%, 0

Notes
Users and caregivers reported the smartglasses
becoming warm after continued use
None reported

6. Discussion
The safety and effects of AR smartglasses in children and adults with ASD is an important
but poorly researched area, especially given the potential beneﬁts of this technology. People with
ASD who use AR smartglasses could potentially experience negative effects due to a range of
known device-related factors and ASD-related human factors. ASD-related human factors include
challenges in sensory, motor, attentional, and transition-related processes. Device-related factors, as per
manufacturer warnings about side effects, include dizziness, headache, and seizures.
This paper explored the use of the Empowered Brain, a novel technological system that uses AR
smartglasses to deliver social and cognitive coaching to children and adults with ASD. The focus was
on exploring the safety and negative effects of using this technology across a broad age and severity
range of children and adults with clinically diagnosed ASD. The duration of use of the Empowered
Brain was between 60–90 min, considerably longer than the length of the 10-min intervention that
the Empowered Brain has been created to deliver. Additionally, the practicalities of conducting
this research involved circumstances that the authors believe could have made the experience more
difﬁcult for users than would have been the case had they tested/used the AR smartglasses in a
more naturalistic home setting. During the day of testing, users and caregivers were exposed to
novel surroundings by attending the research center and being asked to undertake a number of
environmental transitions prior to the testing, and users had the additional sensory load of being video
and audio recorded while using the Empowered Brain.
In this context our results are encouraging, and suggest that the majority of people with ASD can
use these AR smartglasses without reporting any major negative effects. Of the 16 users who managed
to wear and use the Empowered Brain (n = 16/18), neither caregivers nor users reported negative
effects in 14 cases (n = 14/16, 87.5%). In the two individuals who reported negative effects, there were
three reported issues: One case of dizziness, one case of eye strain, and one instance of initial nasal
bridge discomfort. These negative effects were mild in nature, temporary, and did not lead to the user
or caregiver stopping the session. It is important to note that these negative effects were not reported
by the caregiver, but rather the participant, further justifying the explicit interviewing of people with
ASD in order to understand their experience of this technology. Our participant sample included
individuals who had a considerable ASD-related symptom load and those whose symptoms at the
time of testing would fall below the typical cut-offs used for ASD-screening via the SCQ. The mean
SCQ score of our participants was, however, markedly higher than previously used screening cut-offs.
As we previously noted, two individuals were not able to, or did not show interest in, wearing/using
the Empowered Brain. This small, but clinically important, group of participants were non-verbal,
relatively young and were not reported to have had any negative effects. This may suggest that the
technology may be more suited to people with higher-functioning ASD and that some individuals
with ASD may struggle to utilize current AR smartglasses, particularly in a research environment.
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The participants’ caregivers suggested that an acclimation period to the physical wearing of
smartglasses would likely improve the participants’ reaction to the system.
This study tested the use of this particular technology for a prolonged single intervention session,
between 6–9 times the length of the anticipated session length of 10 min. However, the study did not
explore the longitudinal use of the technology outside of a controlled research environment. The study
was conducted in a controlled research environment, as this allows for a more accurate assessment
of participant and caregiver behavior and responses. However, many individuals with ASD receive
therapeutic and educational interventions, over a prolonged period of time, in a variety of settings,
such as their schools and homes. In this regard, it would be useful to conduct similar research that
would incorporate longitudinal assessments in these ecologically valid environments.
The relative lack of negative effects in this AR paradigm is an important ﬁnding across such a wide
age and severity range of people with ASD, and it indirectly supports recent research demonstrating
minimal negative effects when modern VR headsets were used by people with ASD [38]. It was
reassuring to see that no major negative effects were reported and, additionally, that no behavioral
problems, such as tantrums or meltdowns, occurred when users were asked to stop using the
smartglasses during adjustments or application switches, especially given earlier outlined concerns
regarding the potential for distress relating to transitions involving technology. Despite the majority
of users having sensory sensitivities, there were no concerns regarding sensory-related negative
experiences during the use of the Empowered Brain. There were also no falls or motor issues
encountered during this study, although our experimental methodology and intervention did not
require users to stand, walk, or otherwise demonstrate motor, gait, or balance activities that could be
deemed to be a stress test of such activities in this population. Users and caregivers were seated during
the experience, and this approach may have intrinsically reduced the risk of falls. AR technologies that
require users to attend to the software, while simultaneously requiring users to engage in complex
physical and cognitive real-world tasks would need to be more rigorously evaluated. Our prior
research has suggested that the use of smartglasses technology alone, without AR, can be used to safely
assess balance and complex body movement [1]. Therefore, our ﬁndings may not be generalizable to
situations where users would be required to engage in notable motor activity in combination with a
task-related cognitive load.
There were no design concerns by the majority of caregivers and users. Design concerns were
raised by two caregivers and four users, who noticed a feeling of warmth from the external side
of the hardware after extended use. However, this did not result in any reported negative effects.
User acceptance of design is an important part of any assistive technology experience, so it was useful
to know that users and caregivers had few concerns about the design and use of the Empowered Brain.
There remains a critical need to conduct further research to understand the feasibility and
safety associated with new emerging technologies, especially those that may be used in vulnerable
populations, such as ASD. The use of AR smartglasses may have considerable potential as an
augmentative technology in helping people with ASD, particularly when they are shown to be
usable and safe in the ASD population and supported by robust evidence of efﬁcacy. While our
results suggest that this particular combination of hardware and software is largely devoid of negative
effects, our ﬁndings may not be generalizable to systems based on other types of AR smartglasses or
software apps. Therefore, our ﬁndings should not be considered evidence that all AR technologies
and software are safe in ASD populations but should rather be considered preliminary evidence
that carefully designed technology with user involvement can allow for the safe delivery of speciﬁc
AR-related interventions.
Additionally, while this report does not identify any short term adverse events, as with any
technology, further research is warranted to explore the positive and negative effects of longer term
repeated use.
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Abstract: Background: While a signiﬁcant breast cancer burden exists for Korean American
immigrant women, their cancer screening behavior is strikingly poor, and few interventions have
focused on this population. To promote breast cancer screening behavior in Korean American
immigrant women, a mobile phone multimedia messaging intervention (mMammogram) was
developed. Objective: The current study explores the impact of mMammogram on changes to
study participants’ screening behavior and proposes suggestions for how the intervention can be
improved for wide dissemination and implementation in the Korean American community. Material
and Methods: Data were collected through qualitative research methods. Three focus groups were
conducted with 14 Korean immigrant women who completed the mMammogram. Findings: Three
themes emerged: (1) better understanding of breast cancer and screening through mMammogram
(e.g., increased knowledge on breast cancer and screening methods, increased understanding of
the importance of regular mammography, and reduced anxiety about mammography); (2) health
navigators as a trigger to promote mammography (e.g., providing resources for free or low-cost
mammograms and scheduling mammogram appointments); and (3) suggestions for mMammogram
(e.g., technical issues and program period). Conclusions: Mobile app intervention that is culturally
tailored, along with health navigation services, can be a feasible, effective, and acceptable tool to
promote breast cancer screening behaviors in underserved immigrant women. A mobile app can
cover a broad range of breast cancer health topics and the health navigator can further help women
overcome barriers to screening. A health navigation service is critical in overcoming language,
transportation, and health accessibility barriers and triggering a positive change in their health
screening behavior, especially for newly arrived immigrant populations.
Keywords: breast cancer; mammogram; mobile phone-based health intervention; mHealth; app;
health navigator; Korean American immigrant women

1. Introduction
Although the cancer mortality rate is decreasing in the United States (U.S.) among the general
population, the rate remains on the rise for Asian Americans, speciﬁcally for the Korean American
population [1]. Studies report that Korean Americans have one of the highest overall cancer mortality
rates across Asian American subgroups [2]. For example, breast cancer has been cited as both the
most frequently diagnosed cancer and the most common cause of cancer deaths for Korean American
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women [3]. Cancer screening has been shown to be an effective measure in reducing cancer morbidity,
contributing to the decline in cancer mortality rates in the general U.S. population [2,4]. However,
there is a lack of utilization of these screening tools among Korean Americans. Studies of Asian
American subgroups found that Korean Americans have had the lowest overall cancer screening
rate [5], and Korean American women reported the lowest breast cancer screening rates [4,6–8].
Korean American women experience a variety of barriers to breast cancer screening. Studies on
the topic have identiﬁed several obstacles to screening, including low socioeconomic status, language
barriers, difﬁculties accessing healthcare (e.g., inadequate health insurance and burdens of cost and
time), lack of cultural awareness by healthcare providers, lack of knowledge about screening guidelines,
culture-based health beliefs (e.g., the belief that screening is unnecessary in the absence of symptoms),
cultural modesty or embarrassment in terms of physical examinations, a fatalistic view of cancer,
and fear of screening results [8–12]. Alongside barriers, the literature has also cited a number of
facilitators that have been found to promote increased mammogram use in Korean American women.
The noted factors include perceived beneﬁts of mammograms, perceived self-efﬁcacy, and perceived
susceptibility to breast cancer [13,14].
A handful of interventions speciﬁcally designed to address barriers and promote breast cancer
screening in the Korean American community have been implemented. These community-based efforts
include peer-led workshops, education sessions, a lay health worker intervention, and distribution
of print material about screening guidelines [13,15–19]. These interventions have only been partially
effective in promoting screening among this population. Key reasons cited in the research literature
for such limited success include the fact that Korean American women are a hard-to-reach population
due to geographical dispersion across the U.S. [17] and that past efforts have utilized a “one size ﬁts
all” approach rather than tailored interventions that target speciﬁc obstacles individuals face [18,19].
A more efﬁcacious approach may be to develop a culturally appropriate, personalized intervention
that promotes breast cancer screening among Korean American women and responds to the systemic
sociocultural barriers present in this population.
An innovative and promising solution might be a mobile phone-based health intervention. It is
likely to provide low-cost and effective methods of contacting hard-to-reach populations with tailored
individual messages, covering broad content areas while also overcoming restrictions to place and
time of delivery [20]. Mobile health, or mHealth—described as “the delivery of healthcare services and
information via mobile communication devices” [21]—is emerging as a direct and effective medium
to change health behavior. mHealth is an element or expansion of eHealth [22,23]: it is the broader
trend that incorporates any health service information delivered through the Internet or related
technology [24]. The growing mHealth ﬁeld has already proven to be effective in the realm of health
behavior change [25–27].
To promote breast cancer screening behavior of Korean American immigrant women,
the intervention program called mobile Mammogram (mMammogram) was developed. The current
study aims to explore the perspectives of Korean American immigrant women regarding their use of
mMammogram, and how the program (1) promotes knowledge and positive attitude toward breast
cancer screening; (2) motivates them to get breast cancer screening; and (3) may be improved for
wide dissemination and implementation in the Korean American community. The current study
provides critical information for developing a culturally relevant and personally tailored intervention
to promote mammograms among underserved immigrant women and other disadvantaged minority
groups which can effectively improve breast cancer health equity.
2. Materials and Methods
2.1. mMammogram
mMammogram was a 7-day mobile phone-based multimedia messaging program. mMammogram
provided knowledge on breast cancer and screening methods along with guidelines, cultural barriers
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(e.g., fatalistic view and lack of preventive care concept), and information to access the healthcare
system. This content was delivered in various formats of tailored messages using culture-specific
emoticons, graphs, images, pictures, and videos in the Korean language. mMammogram also offered
health navigation services, such as providing necessary resources (e.g., free or low-cost mammogram)
and making an appointment for a mammogram. More detailed information about the mMammogram
Randomized Clinical Trial (RCT) has been previously published [28].
2.2. Research Method and Data Collection
The research team utilized qualitative research methods to address the research aims. Three focus
groups were conducted between June 2014 and February 2015 with a total of 14 Korean immigrant
women who completed mMammogram prior to the focus groups. Six women participated in the ﬁrst
focus group, ﬁve in the second group, and three in the third group. Details of data collection (e.g., study
participants’ inclusion and exclusion criteria and detailed recruiting process on mMammogram) are
described elsewhere [28]. University of Minnesota’s Institutional Review Board approved this study.
The ﬁrst author, along with two research staff members, facilitated and took notes during each
focus group. The focus group interviews were semi-structured and included open-ended questions that
asked participants about general feedback on (1) content, duration, and concerns of mMammogram;
(2) changes in their knowledge, attitude, and motivation for screening receipt after participating in
mMammogram; and (3) their screening experience if they had a mammogram after the intervention
and their recommendation for dissemination in the Korean American community. Some examples
of questions used in the focus group include: What are your perspective about the mMammogram
intervention? What did you think of the content of the mMammogram program? Was it helpful
to improve your knowledge in breast cancer screening? and What are your suggestions for wide
dissemination of the mMammogram intervention in our community? All focus groups were conducted
in Korean. Each focus group lasted approximately 1–1.5 h and was digitally recorded. Written consent
was obtained from all 14 participants before starting the focus groups. Each participant received $20
for her time commitment.
3. Data Analysis
A thematic analysis [29] was used to analyze the data and to identify the essential themes discussed.
The thematic analysis involves six steps: (1) being familiar with written transcription of verbal data;
(2) generating initial codes; (3) searching and deciding on a set of codes, subcategories, and categories;
(4) identifying themes and reviewing the themes; (5) defining and naming themes; and (6) producing the
report. To follow the steps, first, all audio interview files were transcribed in Korean by three bilingual
Korean research assistants and then reviewed by the research team. Second, two of three bilingual
Korean research assistants coded all transcripts separately. Each person identified and highlighted every
codable unit of text in the transcripts and compared their analyses (codes, subcategories, and categories).
Based on the codes, the research team established and reviewed themes. Themes were cross-checked to
ensure they were representative of the transcripts. Clear definitions and names for each theme were
generated through the process. Finally, the most representative quotes were selected to present in this
paper and translated into English. Final translations were examined by all authors who are bilingual
and bicultural.
4. Findings
4.1. Study Participants
Table 1 indicates study participants’ sociodemographic characteristics. The mean age of all
participants was 50.57 years old (Standard Deviation (SD) = 6.64). On average, they lived in the U.S. for
14 years (SD = 9.71). The majority of the participants (92.9%) were married. With respect to educational
background, half of the participants (50%) had completed university and around 42.9% ﬁnished high
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school. Approximately 64.3% were currently employed. More than two-thirds of the participants
(71.4%) had health insurance and only 35.7% had a primary healthcare provider. Only 14.3% had
regular check-ups. Around 28.6% of the participants reported that their most recent mammogram was
before 2010 and 35.7% had never had a mammogram in their life.
Table 1. The sociodemographics of study participants.

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Age

Years in
the U.S.

Marital Status

Highest Education
Level

Employment
Status

Health
Insurance

Primary
Health
Care
Provider

Regular
Check-Up

Recent
Mammogram

44
60
57
51
50
45
53
52
48
46
58
40
61
43

5
3
5
13
14
6
13
28
20
4
14
12
35
24

Married
Separated or divorced
Married
Married
Married
Married
Married
Married
Married
Married
Married
Married
Married
Married

High school
High school
High school
University
High school
High school
High school
University
University
University
University
University
University
Graduate school

Employed
Employed
Employed
Employed
Employed
Employed
Unemployed
Employed
Unemployed
Employed
Unemployed
Unemployed
Unemployed
Employed

Yes
Yes
Yes
Yes
No
No
No
Yes
Yes
Yes
No
Yes
Yes
Yes

No
No
Yes
Yes
Yes
No
Yes
No
No
No
No
No
Yes
No

No
Yes
No
Yes
No
No
No
No
No
No
No
No
No
No

Never screened
2012
2011
2003
Never screened
2008
2012
2009
2009
2010
Never screened
Never screened
2011
Never screened

4.2. Themes from Focus Groups
Overall, three themes were identiﬁed from the focus groups: (1) better understanding of breast
cancer and screening; (2) health navigators as a trigger to promote mammography; and (3) suggestions
for mMammogram. We indicated each participant’s number when describing quotes to protect the
conﬁdentiality of each participant.
4.2.1. Theme 1. Better Understanding about Breast Cancer and Mammography
Study participants reported that mMammogram helped to (1) increase their awareness, positive
attitude, and knowledge on breast cancer and breast cancer screening methods; (2) increase their
understanding of the importance of regular mammography; and (3) reduce their anxiety about
mammography, resulting in promoting their interests in screening participation.
(1) Increased awareness and knowledge on breast cancer and screening methods
Overall, almost all participants (n = 12) stated that mMammogram was helpful to learn basic
knowledge of breast cancer, as well as the three breast cancer screening methods: breast self-exam,
clinical breast exam, and mammogram. Several participants reported that they were unaware of how
prevalent breast cancer is in the Korean American community, which naturally led to their limited
awareness about breast cancer screening. Interestingly, after participating in the program, they started
to pay attention to information related to breast cancer when they watched TV, listened to the radio,
or had conversations with their friends. The participants reported that mMammogram makes them
take breast cancer seriously and encourages them to consider getting a mammogram. For example,
participant #1 decided to get a mammogram after completing the program:
“You know . . . I was surprised by the fact that breast cancer is common in our community.
I believed that it is a rare disease in our community. When people talk about breast cancer, I did
not carefully listen to [them]. However, the statistical graph related to breast cancer incidence
and mortality in Korean American women caught my attention. It makes me to consider it
more serious, leading me to think about mammogram. Early detection is better, right?”
In addition, seven participants explained how their misperceptions about mammograms were
corrected through mMammogram. The common misperceptions reported by the study participants
included (1) people who are older do not need screening and (2) mammogram causes radiation
exposure, which also may cause cancer. Four participants knew an older woman with breast cancer
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and they thought it was a very rare case, indicating that older women do not need to get screened.
For example, one participant admitted that she made a joke about her 89-year old mother-in-law who
got a mammogram. She could not understand why her old mother-in-law got a mammogram at that
time, but she was able to understand after completing mMammogram. Now she knows that old age
is a risk factor for breast cancer and that women should get a mammogram regardless of their age.
Three other participants expressed their concern about radiation exposure; their concern even led them
to not get a mammogram. For instance, participant #3 shared her story:
“I used to get a mammogram every year or every other year . . . and my last mammogram
was in 2011. I have several reasons to stop getting it. One of the reasons is possible harm
from the radiation exposure during mammogram. I worried about cumulative radiation
exposure for several years because radiation exposure could be a risk factor for breast cancer,
you know. This program highlights the early detection of mammogram. Plus, a female
doctor in the video said that mammogram only involves a tiny amount of radiation and the
beneﬁts of mammogram outweigh possible harm from the radiation exposure. I am fully
aware of it now, which led me get a mammogram again. If I did not participate in this study,
I would not get a mammogram for many years.”
(2) Reminder of the importance of regular mammography
Some participants (n = 5) did not understand why women should get a mammogram on a regular
basis. They had received a mammogram before, but they did not adhere to routine screening for
several reasons, such as having no symptoms on their breasts, having a busy life, and having health
insurance issues. For example, participant #6 did not follow her physician’s recommendation. She was
young and healthy, so she could not ﬁnd reasons to get a mammogram again, even with her physician’s
continuous suggestion:
“Whenever I saw a doctor, he recommended me to get a mammogram because my last
mammogram was 7 years ago. However, I ignored his suggestion. You know, I am healthy
enough. No symptoms on my breasts. Why should I get a mammogram? Plus, I have conducted
breast self-exam and had clinical breast exam. I thought these two methods are enough to check
my breast. However, my thoughts have changed after I completed this program. I realized
that I needed to get a mammogram on a regular basis, regardless of my health status. I learned
that the two methods are not sufficient to find cancer. I did not know that breast cancer is very
common in Korean American women, which makes me feel anxious.”
The participants reported that mMammogram was helpful in reminding them about their breast
health and increasing their awareness of getting regular mammography. For instance, participant #2
said that she made a schedule to get a mammogram after completing the program. She used to get
mammograms in Korea because of her breast symptoms, but she stopped receiving them after she came
to the U.S. because her life was too busy and she did not feel the symptoms anymore. mMammogram
reminded her that she should continue to care for her breasts.
(3) Reduced anxiety about mammography
Half of the participants (n = 7) reported that mMammogram—particularly, two videos about
mammogram procedures—helped reduce their anxiety about breast cancer screening. The participants
were highly satisﬁed with the videos that demonstrated the procedure of a mammogram. One video
showed the mammogram procedure brieﬂy. The other video showed a technician at a breast imaging
center explaining the mammogram procedure in step-by-step detail, from the check-in process at
the front desk to taking images of the breasts. The participants mentioned that they felt a bit more
conﬁdent in getting a mammogram after watching the videos. They reported getting a sense of the
whole procedure of mammography, which resulted in relieving their anxiety about going to a hospital
to get a mammogram. For example, participant #14 said:
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“I felt safe to get a mammogram after watching two videos about mammogram procedure.
I learned that I don’t need to take off all my clothes while imaging my breasts . . . just
exposure one side of breast and then if it is done . . . move to the other side of breast.
You know the video. A nurse showed the rooms where we can change our clothes and where
the mammogram machine is. This all information was super helpful to relieve my anxiety
about mammogram. Now I know what to expect when I go to hospital to get a mammogram”
More than half of the study participants (n = 8) showed passion for learning more about breast
cancer, beyond what was covered in the program, such as breast density and its relationship with
breast cancer incidence and various cases of breast cancer by stage and related treatment options.
In addition, they were highly motivated to educate other women about the importance of breast cancer
screening, including colleagues at work, friends, and family members. They wanted to share what
they learned from the program with other women in the community who did not or were not able
to participate in this study. Two participants said that, after completing mMammogram, they partly
showed the program to their daughters to educate them on how to conduct a breast self-exam:
“I showed a part of the mMammogram application (app) program to my daughter, in
particular the breast self-exam video. She is a college student and I think she needs to start
self-examination.” (Participant #3)
4.2.2. Theme 2. Health Navigators as a Trigger to Promote Mammography
As a part of mMammogram, health navigation services were offered to the study participants.
The services included obtaining necessary resources (e.g., free or low-cost mammograms) for
participants who did not have health insurance, scheduling mammogram appointments for
participants, helping participants select a primary care physician, helping ﬁll out forms at hospitals
or clinics, transporting participants to receive a mammogram, and/or following up after receiving a
mammogram for those who have abnormal results. The study participants had an option to contact
bilingual health navigators to support them in getting a mammogram. The most common requests
were checking whether their health insurance covered mammography and if they were eligible to get
a mammogram for free or at low cost.
(1) Importance of Health Navigation Services
Some of the focus group participants (n = 9) reported difﬁculties accessing healthcare due to
their limited English proﬁciency. They highlighted how bilingual health navigators were helpful
in supporting their accessibility, resulting in increased screening uptake. Some participants (n = 5)
mentioned the complexity of health insurance. For example, participant #4 reported that her company
chooses different health plans every year, which presents more challenges to getting a mammogram:
“All the problem is rooted in health insurance. You know what? My health insurance plan is
changed every year, which led me discourage to access health care. It used to change every
two or three years. ( . . . ). The coverage is getting worse. I need to ﬁnd a new family doctor
again... and check my coverage which I do feel uncomfortable because of my English. I am
getting tired of it. I sometimes think to visit Korea to get comprehensive health exam. That is
going to be much easier and cheaper.”
(2) Health Navigation Services and Regular Mammogram Receipt
The study participants reported how bilingual health navigators helped them overcome barriers
to screening (e.g., health insurance and communication with healthcare providers). They also indicated
intentions to continue getting mammograms if they are able to access a health navigation service.
For instance, participant #1 shared her story:
“After participating in this program, I decided to get a mammogram. It was my ﬁrst
mammogram in my lifetime. I was nervous and worried about receiving mammogram
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because I am not familiar with U.S. health care system and my English is not enough to
communicate with doctor or nurse. I believed that I was able to get a mammogram because of
health navigator’s support. She called my health insurance company to check my insurance
coverage. And then, she scheduled a mammogram appointment for me and went to the
clinic with me. Such a good service. I really appreciated all the things she did. You know,
I would like to continue to get mammography every year if someone reminds me and assists
me to get it.”
4.2.3. Theme 3. Suggestions for Improvement and Dissemination of the mMammogram
Although study participants were highly satisﬁed with mMammogram, they suggested how
the intervention could be improved for wider dissemination and implementation in the Korean
American community. Their suggestions include larger subtitles on videos, addressing technical issues
(e.g., Wi-Fi connection), extended schedule of message delivery, and adjusting the program period
duration. For example, a total of eight videos were provided via mMammogram that included Korean
or English subtitles. Some participants (n = 8) said that the subtitles on videos were too small to read
via their phone, even though they were wearing glasses. They had to watch the videos several times
to read the subtitles and understand the contents. Second, sometimes participants faced challenges
to using their phone, such as issues with Wi-Fi connection. In addition, participants expressed a
desire to receive messages later at night or at other times based on their schedules. In the current
mMammogram system, study participants could select their preferred time to receive the messages
between 8 a.m. and 8 p.m. They suggested they could control the starting time of the program, given
that their schedules could change from day to day. Otherwise, they were unable to attend the program
on time and missed it. Lastly, participants had different opinions regarding the program period. Some
participants suggested a shorter period of 3–5 days, while others preferred a 7-day program.
5. Discussion
This study explored (1) how mMammogram helped Korean American immigrant women
to increase their knowledge and positive attitude toward mammography; (2) how the program
motivated them to complete breast cancer screening; and (3) how the program could be improved and
disseminated in the Korean American community. Along with these ﬁndings, this study demonstrated
that a mobile phone-based multimedia health intervention with health navigation services can
be a feasible, effective, and acceptable tool to promote mammography uptake in underserved
immigrant women.
We identiﬁed three themes: (1) better understanding of breast cancer and screening through
mMammogram intervention; (2) importance of health navigator services to promote mammography,
and (3) suggestions for mMammogram improvement and dissemination strategies. As noted in Theme
1, multimedia messages (e.g., images, pictures, and videos) through a mobile phone-based application
have the advantage of being entertaining and individual-targeted to capture study participants’
attention. For example, video content held great persuasive power in our intervention. Video messages
were the most popular and well-accepted among the study participants, and they remembered the
contents conveyed via videos much clearer and longer than other text messages. In particular, study
participants liked two video clips that featured mammogram procedures and the importance of
having a regular mammogram. Those who were unfamiliar with U.S. hospitals and who never
had a mammogram previously got a sense of what would happen when they go to a clinic for
mammography. This improved their conﬁdence about mammography and promoted their interest in
screening participation [30,31].
Another merit of a mobile phone-based health intervention is its easy dissemination, accessibility,
and portability by having important health information at the user’s ﬁngertips. Plus, the study
participants can keep the program if they want and open it anytime to remind themselves or inform
other people. A few study participants who had a passionate interest in our program taught their
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daughters how to conduct a breast self-exam by showing them the videos from the program. This was
an unintended impact of our intervention, which implies ”ripple effects” in that they led to new effects
beyond the intended primary target of the intervention [32]. The participants’ daughters may now
have increased awareness of breast cancer screening at an early age and may start their mammography
in the right time frame.
As discussed in Theme 2, it is well-known that immigrants face various challenges in navigating the
U.S. healthcare system due to lack of health insurance literacy and underutilization of healthcare services
due to limited English proficiency. In particular, undocumented immigrants’ barriers range from
financial issues to fear of deportation [33]. Health navigation models of care have been employed as a
strategy to support individuals with limited resources and multiple barriers, and health navigators have
made significant differences to health equity in culturally and linguistically diverse communities [34–36].
Our study also indicated how health navigation services played critical roles in boosting the participants’
accessibility to receiving breast cancer screenings. Study participants could contact trained health
navigators while attending mMammogram. They felt assured that they could ask for help in their own
language as their needs increased. With navigators’ assistance, some participants had a mammogram
for the first time in their lives. Plus, they showed their intention to continue getting a mammogram
if a health navigation service offers. Given that the U.S. healthcare system is complicated, and the
healthcare environment continues to change, health navigator services and educational programs could
be employed as tools to reduce breast cancer disparities.
As seen in Theme 3, on the other hand, several challenges were reported while attending
mMammogram intervention. One of the challenges of a mobile phone-base health intervention
is the various sizes and types of smartphones. Some participants had the latest phones with
big screens (5.5 inches or larger), while some had older versions of mobile phones. Those who
had mini smartphones had difﬁculty reading the subtitles on the videos. Given that the size of
participants’ phones cannot be controlled, we may consider enlarging the subtitles or dubbing the
video in participants’ native language. We need to further consider developing an application that
could be downloaded onto the iPad, where participants may read subtitles through a large window.
Additionally, some participants faced challenges in using their phones due to weak Wi-Fi connections
or a complicated process of downloading an app. They still felt challenged even after our research team
taught them how to access to our app program and respond to it before the intervention. With only a
short time for training, it might be hard to overcome all challenges faced by study participants. We may
need to provide ongoing training via health navigation services or a handout on how to deal with
common technical challenges. Another solution is to develop a web-based app which does not need to
be downloaded and can be easily seen by smartphones and any other mobile devices.
6. Limitations
This study provides a valuable contribution to knowledge on how mHealth can be used to
change health behavior, particularly for promoting breast cancer screening; however, some limitations
may affect its applicability to other contexts. First, while a small sample size is not a limitation
of qualitative research, the data were collected from one-time focus group meetings. However,
the examination of the study participants’ responses to open-ended questions regarding evaluation of
the intervention after the completion of mMammogram facilitated further insights into the evaluation
of and feedback on a mobile-phone text-messaging program. Lastly, the frequent interactions between
study participants and research team members may impact participants’ knowledge and motivation to
receive a breast cancer screening, as well as their positive attitudes toward the intervention. Whenever
study participants had questions related to the app (e.g., technical issue) or contents, they were allowed
to contact us, which may positively impact intervention effectiveness and study results.
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7. Implications for Health Practice and Policy
In conclusion, mobile apps can cover a broad range of breast cancer health topics, and the health
navigator can further help women overcome barriers to screening. Speciﬁcally, for newly arrived
immigrant populations, a health navigation service is critical in overcoming language, transportation,
and health accessibility barriers and triggering a positive change in their health screening behavior.
This study demonstrates the effectiveness of a culturally tailored mobile app intervention in increasing
knowledge, attitude, and receipt of breast cancer screening in an immigrant group. Mobile app
intervention should be combined with health navigation services, particularly when working with
immigrant or refugee groups, to provide another layer of assistance which boosts conﬁdence and
comfort level in changing health behaviors. In addition, it was revealed that providing educational
health information through visual images and videos is more effective than text messages. Overall,
culturally and linguistically tailored multimedia messaging intervention combined with health
navigation services is feasible and acceptable as an intervention tool to produce health behavior
changes. The intervention can be easily translated into other types of cancer screening and cancer
prevention behaviors, which will signiﬁcantly reduce the current cancer burden vulnerability that
immigrant and refugee communities currently face.
8. Conclusions
By applying the mobile phone-based multimedia messaging program, the most prominent
ﬁndings include better understanding of breast cancer and screening through mMammogram
intervention and the importance of health navigator to promote mammography, as well as suggestions
for mMammogram improvements and dissemination strategies. Identifying these three themes
provided important insights for mMammogram intervention to increase the breast cancer screening.
The vital role of these three implies the mobile phone-based multimedia messaging program may be
useful for reducing multiple challenges and barriers in navigating the healthcare system and increasing
the level of health literacy implemented in the immigrant population.
In light of the present ﬁndings, to produce health behavior changes and mitigate challenges in
the healthcare system, mobile apps must cover a wide range of health topics in different languages
with health navigator services. Mobile apps should also be tailored to different cultures among
the immigrant populations to trigger positive changes in increasing health literacy and receipt of
cancer screening. Furthermore, the tailored multimedia messaging intervention also need to combine
with visual images and videos. In sum, culturally and linguistically tailored multimedia messaging
intervention combined with health navigation services is useful and effective to reduce the current
cancer burden vulnerability faced by immigrant populations.
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Abstract: Background: This study examined the effects of a 4-week technology-enhanced physical
activity (PA) interventions on students’ real-time daily PA and aerobic ﬁtness levels. Methods:
116 ﬁfth-graders were assigned to one intervention group (n = 31) participating in daily physical
activity engaging the brain with Fitbit Challenge (PAEB-C), another intervention group (n = 29)
wearing Fitbits only (Fitbit-O) daily, ﬁve days per week, or the comparison group (η = 56). Four-week
real-time PA data were collected from the intervention students via Fitbase. Three groups were
pre- and post-tested aerobic ﬁtness. Results: The PAEB-C students showed signiﬁcantly higher
steps and minutes of being very active and fairly active (F = 7.999, p = 0.014, η = 0.121; F = 5.667,
p = 0.021, η = 0.089; F = 10.572, p = 0.002, η = 0.154) and lower minutes of being sedentary daily
(F = 4.639, p = 0.035, η = 0.074) than the Fitbit-O group. Both Fitbit groups exhibited signiﬁcantly
greater increases in aerobic ﬁtness scores than the comparison group over time (F = 21.946, p = 0.001,
η = 0.303). Boys were more physically active and ﬁt than girls. Conclusions: Technology-enhanced
PA intervention was effective for improving real-time PA and aerobic ﬁtness.
Keywords: real-time physical activity; wearable technology; ﬁtness; Fitbits

1. Introduction
To obtain physical and mental health beneﬁts, children are recommended to participate in 60 or
more minutes of moderate-to-vigorous physical activity (MVPA) per day, and to demonstrate a healthy
level of aerobic ﬁtness [1–3]. However, one in three children did not meet the recommended daily
MVPA minutes, and failed to meet aerobic ﬁtness standards [4–6]. To address the critical concerns,
health professionals have advocated that schools provide realistic settings for PA intervention [1–7].
More than 95% of youth are enrolled in schools and spend about half of their waking hours in
schools [1–6]. Therefore, introducing physical activity (PA) to each school day may be beneﬁcial in
helping children to meet daily physical activity guidelines and improve aerobic ﬁtness [1–6].
Integrating PA into daily classroom breaks is an important strategy for increasing daily PA
levels of children during school [8–13]. A growing number of classroom-based PA intervention
studies have shown that students who participated in daily 10-min classroom physical activity
(i.e., TAKE 10!) or 15 min of physically active academic lessons (i.e., Physical Activity Across the
Curriculum (PAAC)), on a regular basis, achieved signiﬁcantly greater levels of daily MVPA compared
to control students [10–13]. Further, Carlson et al. [12] found that ten-minute classroom PA breaks,
in addition to physical education and recess, signiﬁcantly increased the likelihood of obtaining 30 min
of PA per day during school. Ma et al. [13] found that daily 4-min high intensity classroom PA
breaks increased PA levels during school. However, most of studies did not examine the effects of
the classroom PA breaks on improving children’s ﬁtness levels [8–13]. Empirical studies show that
physical ﬁtness is one of the enabling factors that provide the physical foundations necessary for
enjoyable and successful PA engagement in youth [14–17]. Physically ﬁt children are willing to engage
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in PA and to maintain their PA behaviors, whereas physically unﬁt children tend to be physically
inactive [14–17]. Importantly, these links are reciprocal, as children’s participation in PA provides
opportunities for improving physical ﬁtness as well [14–17].
Wearable technology has been used as a self-monitoring tool for promoting physical activity
participation [18–21]. In the Futurestep study by Mikkola et al. [20], the results indicated that students’
use of Polar heart rate monitors increased an awareness of their own ﬁtness level and physical activity
level and improved their motivation for PA participation. In a systematic review of activity monitors
and PA, Lubans et al. [21] found that twelve out of fourteen studies using activity monitors signiﬁcantly
increased PA levels in terms of steps, distances, durations, and intensities. Fitbit is speciﬁcally designed
to work at the individual level by providing detailed personalized data, such as minute-by-minute
data, and composite data on steps, distance traveled, MVPA, heart rate, and intensity [18–20]. Fitbit
has been evidenced to be a reliable and valid self-monitor, self-evaluation, and motivational tool to
facilitate an individual’s engagement in PA [18–21]. Lubans [21] notes that although technologies may
not be a solution to our global health epidemic, they could be a way to facilitate behavioral change at
an individual level.
To the best of our knowledge, Fitbit has not been integrated into the classroom PA break
intervention studies, nor has Fitbit been used as a daily intervention strategy to promote real-time PA
levels and aerobic ﬁtness levels in school-aged children. To ﬁll the gaps, this study aimed to investigate
the impact of the technology-enhanced classroom-based PA intervention on daily real-time PA levels
and aerobic ﬁtness levels. Our research hypotheses are (1) students in the two intervention groups:
Physical Activity Engaging the Brain + Fitbit Challenge (PAEB-C) group, and Fitbit Only (Fitbit-O)
group, will meet the recommended daily MVPA minutes; and (2) students in the two intervention
groups will show a greater increase in aerobic ﬁtness levels compared to the control group over time.
The signiﬁcance of this study lies in integration of Fitbits into daily classroom-based activity breaks
and assessing students’ daily real-time PA levels over the course of the interventions.
2. Methods
2.1. Participants and Research Design
Participants were ﬁfth-grade students recruited from ﬁve classes in two elementary schools,
matched by minority status and percentage of students receiving free and reduced lunch.
A quasi-experimental design was used to assign one school to the experimental school and another
school to the control school. In the experimental school, one ﬁfth-grade class was assigned to the
Physical Activities Engaging the Brain + Fitbit Challenge (PAEB-C) condition, and another was
assigned to the Fitbit Only (Fitbit-O) condition. This study was conducted over the course of seven
weeks. The ﬁrst week was used for recruitment. The second (pre-test) and last weeks (post-test) were
used to administer aerobic ﬁtness tests to the students, and the four weeks in the middle were for
the intervention.
Prior to the data collection, approvals from the Institutional Review Board and the school district
were granted (HUM00102732). A copy of the study guidelines and a consent form were sent to the
students’ parents/guardians. Then, a second letter was sent to home if no consent was returned by
the end of the week. Parents’ signed consents were secured for the study prior to asking assent of the
children. Children were given the written assent form just prior to the study. The classroom teacher
read, out loud, the assent form, which described the purpose of the study and the student’s involvement
in this study. A total of 96.9% of the students from the PAEB-C group (N = 31), 87.5% of the students
from the Fitbit-O group (N = 29), and 87.7% in the control group (N = 56) consented to participate in
this study. As a result, this included 116 ﬁfth-grade students aged 10–11 years (57 girls vs. 59 boys).
In the intervention school, 60% of the participants self-identiﬁed as a race other than white, with 30%
African American. At the comparison school, 48% self-identiﬁed as a race other than white, with 19%
African American.
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2.2. Treatment
2.2.1. Fitbit-O Group
The Fitbit Charger + Heart RateTM tracker was used as a self-monitoring and self-motivating tool
for students to participate in PA daily. The Fitbit Charger + Heart RateTM tracker is the device that uses
a non-invasive wireless sensor on the wrist to measure heart rate. The Fitbit Charger + Heart RateTM
device relies on an accelerometer to offer direct and immediate feedback in terms of steps, distance,
ﬂoors climbed, and heart rate. Thus, the students in the Fitbit-O group wore their Fitbit Charger +
Heart RateTM device daily, ﬁve school days per week for four weeks. They received immediate as well
as weekly feedback, to monitor their own progress and the progress of their classmates.
2.2.2. PAEB-C Group
The PAEB-C was designed to deliberately use both sides of the body, in unison and apart from each
other, to coordinate both sides of the body and activate both hemispheres of brain. While the teacher
showed a six-minute PAEB activity video once a day after the students had been sitting for 20 min,
the students followed the video to immediately perform the PAEB activity for ﬁve days per week over
the four-week intervention. The QuickTime videos were labeled Day 1 through Day 20. During the
ﬁrst week of the intervention, the PAEB were done very slowly, while in weeks 2 and 3, the activities
were slightly faster. Finally, during the week 4, the speed was further increased. First, ﬁne motor
movements were rhythmically repeated eight, then four time, and last two, ﬁrst in unison, and then
opposite each other. Next, patterned hand movements focused on changing direction, going forward,
sideways, up and down, also in the same rhythmic format. Then, gross motor movements included
making ﬁgure eights, by simultaneously pairing arm movements in the same direction, by changing
the direction and having the arms go in opposite directions. Lastly, gross motor skills utilized the entire
body movement. For example, children went from a split to a squat stance, ﬁrst in unison, then in
opposite directions, so when the video instructor jumped sideways, the participants were encouraged
to squat. These series of PAEB sequences were done throughout the intervention. The teacher reported
missing the PAEB for 3 days (85% of the time).
In addition, the students wore their Fitbit Charger + Heart RateTM device daily, ﬁve school
days per week for four weeks, following the same procedures used in the Fitbit-O group, except for
use of Fitbit Challenge. Regarding the Fitbit Challenge, the PAEB-C students were encouraged to
set their own individual goals each week. For example, during the ﬁrst week of the intervention,
the students were encouraged to increase their steps each day by 2000, with the goal of reaching at
least 10,000 steps a day. Also, the PAEB-C students were informed of the daily and weekly challenges.
The Fitbit Challenges came in the form of a log sheet, on which students were encouraged to record
their PA to see if they meet their weekly challenges. The challenges included counting steps and
setting a goal, estimating how many steps the whole classroom would take, setting a goal based on
distance (miles), and a climbing challenge (ﬂoors). Each Monday, the classroom totals were sent to
the teacher, highlighting the previous week’s goals. On each Monday, the classroom teachers were
given reports that showed weekly averages for steps and distance traveled and ﬂoors climbed for
their classes.
2.2.3. Control Group
The students in the control group neither wore the Fitbit and nor participated in any PA-related
classroom breaks. Instead, they had regular classroom breaks based on the school schedule.
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2.3. Data Collection
2.3.1. Fitbits
Prior to giving the Fitbit Charger + Heart RateTM devices to the students, the investigator taught
the students (1) where to put their Fitbits on the battery charger on Fridays; (2) how to check the battery;
(3) if their Fitbit’s battery was low they need to charge it; and (4) how to immediately see their real-time
steps, distance, calories burned, and the heart rate on the Fitbits they are wearing. Also, the investigator
explained the wearing protocols: wear the Fitbit Charger Heart RateTM device from Monday through
Friday at all times, but students were allowed to take the device off when bathing and during other
water activities. In addition, they were told that they would not get in trouble if they took them off,
but they were encouraged to wear them as often as possible. Students in the Fitbit-O group and in
the PAEB-C group wore their Fitbits day and night from Monday morning (as they arrived at the
classroom), until Friday afternoon, whereupon they put the Fitbits in the charging station before they
left for home on the weekend during the four weeks of the intervention.
On each Friday during the four weeks of the intervention, after students had left the school,
the researcher went to the school and uploaded the information from the Fitbits onto a secure Fitbit
Software database, Fitabase. This is a password protected site which is accessible only by the researcher
and the data management team from Fitabase. The researcher recorded which Fitbits had been placed
on the charging station, and which Fitbits were missing. The teachers were asked to remind their
students to bring the Fitbits in on Fridays so that the data could be recorded. Teachers were also given
printouts of the classroom’s average number of steps and minutes, as well as the classrooms total
number of steps and distance traveled. Fitbits were collected after students had spent twenty days in
the schools wearing them.
2.3.2. Fitness Assessment
Physical education teachers in both schools provided the study team with the results from an
aerobic ﬁtness assessment. The intervention school and the control school pre- and post-tested students’
aerobic ﬁtness using the FitnessGram® test (i.e., Progressive Aerobic Cardiovascular Endurance Run
(PACER), one-mile run) during weeks 2 and 7 of the study. The FitnessGram test is a validated and
reliable health-related ﬁtness assessment toolkit designed by Cooper Institute [22]. The PACER and
one-mile run were used to assess levels of cardiovascular endurance [22]. The PACER test and/or
one-mile run test were used by PE teachers in each school for the ﬁfth-grade students’ report cards.
All of the students in both schools participated in the ﬁtness assessments.
2.4. Data Analysis
This study used average daily steps of the 20 days collected from the Fitbit Charger + Heart
RateTM trackers. Then, the data was translated into composite measures of sedentary, light active
(LA), fairly active (FA), very active (VA) minutes, and steps via the Fitabase software. These were
determined based upon metabolic equivalents (METs). METS are organized by the World Health
Organization (WHO, 2015) into working versus resting metabolic rates. A unit of 1 MET is equivalent
to sitting (sedentary), 2–3 METs are considered light activity, 4–6 METs is fairly active, and greater than
6 METs is considered very active. Daily data from the Fitbits was excluded from analysis if the student
took fewer than 1000 steps or if they had fewer than 840 min of wearing the Fitbit. This resulted in
losing an average of one day per person during the four-week study, or an average of 3.97 (±4.83)
steps and 0.72 (±1.19) minutes for the Fitbit-O group and 1.87 (±2.21) steps and 0.90 (±1.56) minutes
for the PAEB-C group. Neither group lost individual students (N = 60). Daytime sedentary minutes
were calculated by subtracting the age-based average of 9 hours of sleep per night (WebMD, 2016).
Therefore, 540 sedentary minutes were subtracted before sedentary averages were calculated. A ratio
of fairly and very active minutes/total activity minutes was created. Descriptive statistics of each
variable was computed for the two Fitbit groups. The Multivariate Analysis of Variance (MANOVA)
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was used to analyze if there is an overall signiﬁcant difference in the ﬁve PA variables and sedentary
variable between the two Fitbit groups controlling for gender and race. Subsequently, the Analysis
of Variance (ANOVA) was conducted separately for the steps, very active (VA) minutes, fairly active
(FA) minutes, and light active (LA) minutes, sedentary, and fairly and very active (FVA) minutes
between the two groups. Additionally, an interaction effect was performed to see if gender and race
moderated physical activity levels. Partial eta squared was calculated to determine the effect size of
the intervention effect on each Fitbit variable.
Students’ aerobic testing scores used to group into high ﬁt (HF), healthy ﬁtness zone (HFZ),
and low ﬁt (LF) based on the FitnessGram standards for healthy ﬁtness zone for boys and girls [22].
Then, each ﬁtness zone was coded as: 3 = HF, 2 = HFZ, and 1 = LF. Descriptive statistics of the coded
ﬁtness scores for the three groups were computed. A composite of HFZ and HF was used to determine
the percentages of students who were at or above the healthy ﬁtness zones (HFZs). The percentages of
students meeting the HFZs by each group at the pre- and the post-test were calculated. A 2 (pre-test vs.
post-test) × 3 (PAEB-C, Fitbit-O, and the control) ANOVA was conducted while controlling for gender
and race. Subsequently, post hoc comparison method was analyzed to determine if there were any
signiﬁcant increases in HFZs between the two groups at a time. All statistical analyses were conducted
with IBM SPSS statistics 24 and a signiﬁcant level of p < 0.05 was set.
3. Results
3.1. Daily Real-Time Physical Activity Levels between the Two Intervention Groups
Table 1 presents the descriptive statistics of each Fitbit variable between the two groups.
Table 1. Mean steps and minutes of physical activity between the two intervention groups. Fitbit-O,
Fitbit Only; PAEB-C, Physical Activity Engaging the Brain + Fitbit Challenge.
Fitbit-O

PAEB-C

M ± SD

M ± SD

Steps
Very Active (VA)
Fairly Active (FA)
Light Active (LA)
Sedentary

8954.54 ± 2518.59
4.09 ± 5.00
11.28 ± 8.00
230.57 ± 82.23
454.34 ± 203.23

11151.78 ± 3421.68
7.96 ± 7.32
22.98 ± 17.75
247.78 ± 76.33
347.75± 179.51

Fairly and Very Active (FVA)/Total Activity

1.3 ± 1

2.9 ± 2.3

The PAEB-C group showed higher numbers of average daily real-time steps and higher average
daily real-time minutes in very active (VA), fairly active (FA), and light active (LA) variables compared
to the students in Fitbit-O group. Further, the PAEB-C group were fairly and very active (FVA) for
about 31 min, while the Fitbit-O group were FVA for 15 min daily. By contrast, the PAEB-C group had
lower average daily sedentary minutes compared to the Fitbit-O group.
The results of the MANOVA revealed an overall signiﬁcant difference in average daily steps,
VA minutes, FA minutes, LA minutes, and sedentary minutes when controlling for gender and race
between the two groups (F = 2.418, p = 0.039, η = 0.215). Subsequently, the ANOVA revealed that the
PAEB-C group took signiﬁcant more daily steps than the Fitbit-O group (F = 7.999, p = 0.014, η = 0.121).
Likewise, the PAEB-C group spent signiﬁcant more minutes being VA (F = 5.667, p = 0.021, η = 0.089),
FA (F = 10.572, p = 0.002, η = 0.154), and FVA (F = 11.701, p = 0.001, η = 0.168) daily than did the
Fitbit-O group. No signiﬁcant difference in LA minutes between the two groups was found (F = 0.707,
p = 0.404, η = 0.012). By contrast, the Fitbit-O group spent signiﬁcant more minutes being sedentary
per day than the PAEB-C group (F = 4.639, p = 0.035, η = 0.074). Table 2 presents descriptive statistics
of ﬁve Fitbit variables by groups and gender.
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Table 2. Descriptive statistics of ﬁve Fitbit variables by groups and gender.
Fitbit-O

PAEB-C

M ± SD

M ± SD

9139.64 ± 1872.23
8814.95 ± 2839.23

12,221.84 ± 4161.87
10,270.55 ± 2460.06

Very Active (VA)
Boys
Girls

5.47 ± 5.77
3.36 ± 4.54

10.83 ± 7.05
5.61 ± 6.84

Fairly Active (FA)
Boys
Girls

14.35 ± 10.16
9.67 ± 6.33

29.97 ± 17.22
17.22 + 10.90

Light Active (LA)
Boys
Girls

249.41 ± 49.17
220.66 ± 94.92

223.42 ± 73.07
267.84± 75.10

Sedentary
Boys

380.64 ± 167.19

385.78 ± 195.47

Girls

491.43 ± 214.01

318.30 ± 164.90

Steps
Boys
Girls

No signiﬁcant interaction of group by gender in each PA variable and sedentary minutes was
found. However, regardless of intervention type, boys were signiﬁcantly more likely to participate
in VA minutes (F = 6.383, p = 0.014, η = 0.099), FA minutes (F = 7.408, p = 0.009, η = 0.113), and FVA
minutes (F = 7.167, p = 0.010, η = 0.110). By contrast, no gender difference was found in light minutes
(F = 0.172, p = 0.680, η = 0.003) and sedentary minutes (F = 0.252, p = 0.617, η = 0.003).
3.2. Intervention Effects on Aerobic Fitness Levels
Table 3 shows the descriptive statistics of average aerobic ﬁtness scores and percentages of meeting
the HFZs among the three groups at the pre- and the post-test.
Table 3. Average aerobic ﬁtness scores and percentage of healthy ﬁtness zones (HFZs) at the pre- and
post-test by groups.
Pre-Test

Post-Test

M ± SD

% HFZs

M ± SD

% HFZs

PAEB-C
Fitbit-O

1.26 ± 0.45
1.26 ± 0.45

26%
26%

1.61 ± 0.50
1.56 ± 0.51

61%
56%

Control

1.52 ± 0.71

39%

1.38 ± 0.71

26%

At the pre-test, only 26% of the PAEB-C and Fitbit-O students were in HFZs, while 39% of
the control students were in the HFZs. The two Fitbit groups’ mean aerobic ﬁtness score was 1.26,
while the control group was 1.52. By contrast, at the post-test, 61% of the PAEB-C students and 56%
of the Fitbit-O students were in HFZs, while 26% the control students were in HFZs. The PAEB-C’s
average aerobic ﬁtness score was 1.61 and the Fitbit-O’s was 1.56, whereas the control group’s was 1.32.
The results of the repeated measure ANOVA revealed signiﬁcant main effect of time in aerobic
ﬁtness score (F = 19.273, p = 0.000, η = 0.160), indicating the three groups showed signiﬁcant
improvement in the aerobic ﬁtness testing score from pre- to post-test. Further, the repeated measure
ANOVA revealed a signiﬁcant interaction between time × treatment (F = 21.946, p = 0.000, η = 0.303).
Subsequently, the post hoc analysis revealed signiﬁcant comparisons in the mean ﬁtness scores from
pre- to post-test between the PAEB-C and the control group (F = 29.327, p = 0.000), and between the
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Fitbit-O and the control group (F = 25.007, p = 0.000), but no signiﬁcant difference between the two
Fitbit groups (see Figure 1).

Figure 1. Mean scores of aerobic ﬁtness among the three groups from pre- to post-test.

4. Discussion
This study was central to examining the effects of the technology-enhanced physical activity
interventions on real-time daily PA and aerobic ﬁtness levels in school-aged children. The students
in the PAEB-C group, who engaged in daily classroom-based activity breaks in conjunction with the
Fitbit Challenge program, exceeded 10,000 steps daily, on average, and took, on average, 2206 more
steps/day than the Fitbit-O group. Consistent with the results, a systematic review by Dobbins,
Husson, DeCorby, and LaRocca [23] concluded that school-based physical activity interventions were
more likely to improve MVPA minutes by as little as ﬁve and up to forty-ﬁve minutes. Similarly,
classroom-based activity break studies have shown improved PA levels [10–13,24].
Another promising result was that the PAEB-C group had 107 fewer sedentary minutes/day
than the Fitbit-O group. Supporting the previous studies, the results indicated that engaging the
students in daily classroom-based activity breaks may be a feasible way to reduce their sedentary time
during school day [10–13]. Reducing prolonged sedentary behaviors have a signiﬁcant impact on
a child’s overall health, as well as cognitive functions (i.e., attention, concentration, and information
processing) [10–13]. However, the PAEB activities alone could not account for these differences.
Since the PAEB activities are mostly ﬁne and small gross motor skills, they predominantly fell into the
light and fairly active categories. This suggests that the Fitbit Challenge may have played an important
role in increasing steps and reducing sedentary minutes. Children engaging in both PAEB activities
and the Fitbit Challenges were motivated by them to be more active than the Fitbit-O group.
It is important to note that the PAEB-C group, on average, spent 30.94 min, and the Fitbit-C group
spent 15.47 min engaging in very active (vigorous) and fairly active (moderate) PA daily over the course
of four weeks. Their daily real-time physical activity minutes are far lower than the recommended
daily 60 min or more of MVPA by the 2008 Physical Activity Guidelines [4]. However, the PAEB-C
group engaged 248 min, and the Fitbit-O group engaged 231 min, in being light active, daily. This is
consistent with the ﬁndings by Van der Niet et al. [24] who found that students’ time was spent mostly
in PA that consisted of light PA.
In addition, this study showed the gender discrepancy in daily MVPA. Though the PAEB-C group
took more very active and fairly active minutes than the Fitbit-O group, most of these differences
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can be attributed to time spent in very active and fairly active PA by boys. Boys were more likely
to participate in very active and fairly active PA than girls throughout the study. In a study of 1111
fourth- and ﬁfth-grade students’ daily PA in year 1, and 1012 fourth- and ﬁfth-grade students’ daily
PA in year 2 of the Healthy Kids and Smart Kids project, Chen et al. [14] found that boys self-reported
they were more physically active than girls in daily PA during school and outside of school in both
years. Similarly, Ridgers, Salmon, Parrish, Stanley, and Okely [25] found the boys were more likely to
participate in a higher amount of MVPA minutes than girls.
As expected, the two Fitbits groups showed greater increases in aerobic ﬁtness compared to the
control group from pre- to the post-test. After the four-week interventions, 61% of the PAEB-C and 56%
of the Fitbit-O students were in the HFZs. Similarly, Chen et al. [14] reported 59% of 265 ﬁfth-grade
students met the HFZ standards in PACER test at the end of participating in one-school year Healthy
Kids and Smart Kids project. By contrast, the percentages of meeting the HFZs dropped from 39%
to 26% for the comparison school. These changes occurred during a time when seasonal changes
sometimes act to reduce ﬁtness levels [9]. Fedewa et al. [9] found that though students participate in
daily classroom-based PA breaks, their daily average steps decreased during winter season. However,
this study showed that the seasonal factor seemed not to negatively inﬂuence the two Fitbits groups’
aerobic ﬁtness scores at the post-test. Rather, the two Fitbit groups showed signiﬁcant increases in
aerobic ﬁtness scores. The results suggest that the students’ wearing the Fitbit daily, checking their
real-time daily steps taken, and self-monitoring their progress toward meeting the weekly-based goal,
are effective intervention strategies for improving their aerobic ﬁtness levels, in addition to merely
engaging in classroom activity breaks. The results might be attributed to the reciprocal relationship
between regular PA participation and physical ﬁtness [15]. Supporting this point, Chen et al. [14]
found that children’s total weekly PA minutes in and outside school were signiﬁcantly associated with
healthy level of aerobic ﬁtness. Similarly, previous studies found a signiﬁcant association between
amount of PA and aerobic ﬁtness in school-aged children [14–17]. Another possible reason for the
two Fitbits groups’ signiﬁcant increases in aerobic ﬁtness would be that Fitbits do allow for students
to immediately monitor their real-time heart rates. The study suggests that Fitbits can be used to
encourage students to spend a greater amount of time in their target heart rate zones. In addition,
the overall excitement of wearing a Fitbit for four weeks, the wearable device effect, might also play
a role in increasing students’ aerobic ﬁtness levels.
The limitation of the study was that ﬁtness testing data were based upon one-mile run and the
PACER tests. Originally, both schools planned to do the one-mile test, but the Fitbit school underwent
construction during the study, which did not allow them to take the one-mile run at the post-test.
However, both tests were typically used to assess aerobic ﬁtness levels based on the gender- and
age-speciﬁc standards for low ﬁt, healthy ﬁtness zone, and high ﬁt in the FitnessGram® [22]. Another
limitation of this study was not using the Fitbit Charger + Heart RateTM device to collect the students’
average daily heart rate data. The future study could use this essential data to examine the participants’
daily heart rates patterns over the course of the intervention, and how their average daily heart rates
are associated with increased physical activity participation and aerobic ﬁtness levels. Also, this study
was not focused on examining how the students’ wearing the Fitbit device daily motivated their
participation in physical activities and improved their aerobic ﬁtness. A future study may examine
how wearing the Fitbits daily will inﬂuence participants’ intrinsic and extrinsic motivations for physical
activity, which in turn, is conducive to developing habitual physical activity behaviors.
5. Conclusions
The students’ daily real-time MVPA minutes did not meet the recommended 60 min of MVPA
daily. However, the integration of Fitbits into daily classroom activity breaks were effective intervention
strategies for engaging students in more minutes of MVPA and reducing their sedentary minutes
compared to the intervention strategy that merely integrated Fitbits into their daily life. Boys were
more likely to be physically active than girls, when wearing the Fitbits. Use of Fitbits as a daily
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and real-time intervention strategy along with daily classroom-based activity breaks for four weeks
signiﬁcantly increased proportions of students meeting HFZs.
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Abstract: Physical activity (PA) among breast cancer survivors (BCS) can improve this population’s
health and quality of life (QoL). This study evaluated the effectiveness of a combined smartwatchand social media-based health education intervention on BCS’s health outcomes. Thirty BCS
(Xage = 52.6 ± 9.3 years; XWt = 80.2 ± 19.6 kg) participated in this 10-week, 2-arm randomized
trial, with BCS randomized into: (1) experimental group (n = 16): received Polar M400 smartwatches
for daily PA tracking and joined a Facebook group wherein Social Cognitive Theory-related PA
tips were provided twice weekly; and (2) comparison group (n = 14): only joined separate,
but content-identical Facebook group. Outcomes included PA, physiological, psychosocial, and
QoL variables. Speciﬁcally, PA and energy expenditure (EE) was assessed by ActiGraph GT3X+
accelerometers while physiological, psychosocial, and QoL were examined via validated instruments
at baseline and post-intervention. No baseline group differences were observed for any variable.
Ten BCS dropped out of the study (experimental: 4; comparison: 6). Compared to completers,
dropouts differed signiﬁcantly on several outcomes. Thus, a per-protocol analysis was performed,
revealing signiﬁcant group differences for changes in social support (t = −2.1, p = 0.05) and
barriers (t = −2.2, p = 0.04). Interestingly, the comparison group demonstrated improvements
for both variables while the intervention group demonstrated slightly decreased social support
and no change in barriers. Notably, both groups demonstrated similarly increased daily light PA,
moderate-to-vigorous PA, EE, and steps of 7.7 min, 5.1 min, 25.1 kcals, and 339 steps, respectively,
over time. Despite extensive user training, several experimental BCS found the Polar M400 use
difﬁcult—possibly decreasing intervention adherence. Future interventions should utilize simpler
smartwatches to promote PA among middle-aged clinical/non-clinical populations.
Keywords: physical activity; quality of life; social cognitive theory; wearable technology

1. Introduction
Invasive or in situ forms of breast cancer were diagnosed among approximately 330,000 women
in 2017 [1]. Improved treatment options have led to increased breast cancer survival rates, with
3.1 million breast cancer survivors residing in the U.S. [1,2]. It is noteworthy, however, that studies
comparing women never previously diagnosed with breast cancer to breast cancer survivors have
observed lower quality of life (e.g., poorer physical functioning; increased depression/anxiety rates;
greater fatigue) and poorer physical health among breast cancer survivors [3,4]. While medicinal
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treatments (e.g., Tamoxifen use) may be prescribed following breast cancer treatment and the beginning
of remission, health behavior changes are now more commonly being recommended to breast cancer
survivors—the most frequent being increased physical activity participation [3,5–10]. Given the
ubiquitous nature of modern-day technology, researchers are seeking to leverage several technologies
(e.g., smartphone applications, wearable technology, social media) to improve health among various
populations through increased physical activity and reduced sedentary behavior [11,12]. Currently,
smartwatches are among the most popular technologies being used to assist individuals in living more
active and healthier lifestyles.
As a popular form of wearable technology, smartwatches are projected to comprise an
approximately $10 billion USD market by 2019 [13]. Smartwatches from companies like Polar, Apple,
and Fitbit are most popular within this market due to: (1) attractive price points ($100–250 USD); and
(2) the ability to track health metrics like step counts, heart rate, energy expenditure, stairs climbed,
and sleep, among other metrics—data which can be sent via Bluetooth to an associated smartphone
application for easy interpretation and facilitation of the self-regulation (i.e., tracking and modiﬁcation)
of health behaviors [14,15]. Yet, while some studies [16] have observed smartphone application-based
physical activity interventions to be effective in promoting improved physical activity and quality
of life among breast cancer survivors, little to no research has been conducted on the effectiveness
of smartwatches in the promotion of this population’s health. This is noteworthy as qualitative
research has found breast cancer survivors to be interested and open to the use of smartwatches in the
self-regulation of physical activity and sedentary behaviors [17].
Of the paucity of high-quality randomized trials which evaluated the effectiveness of
smartwatches in the promotion of physical activity, populations investigated have included:
overweight and obese individuals [18–20], older adults [21], adults [22], and college students [23–25].
Findings from these studies have been mixed. For example, Cadmus-Bertram et al. [18,19] observed
signiﬁcantly increased moderate-to-vigorous physical activity and steps/day over 16 weeks among
overweight and obese postmenopausal women using the Fitbit to track health behaviors when
compared to a control group receiving standard care (e.g., exercise counseling), with marginally
positive ﬁndings also observed in another study by Thorndike et al. [22] among medical residents
and Rote [24] among college students. Yet, other literature among overweight and obese men and
women [20], older adults [21], and college students [23,25] has not observed provision of a smartwatch
to result in greater improvements in physical activity versus control.
The mixed ﬁndings of the preceding studies may be attributable to: (1) little provision of health
education despite the need for health literacy in long-term health behavior engagement [26,27];
and (2) lack of an established theoretical framework to guide study design/implementation
notwithstanding the importance of health behavior theory in promoting increased intervention
effectiveness [28]. This suggests that future randomized trials might be more effective if a
theoretically-based health education piece is included. A theory which might be particularly effective in
future randomized trials given its concentration on personal-level factors (i.e., self-efﬁcacy, enjoyment,
barriers, and outcome expectancy) and micro-environmental factors (i.e., social support) is the Social
Cognitive Theory [29,30]. Brieﬂy, this theory posits reciprocal determinism between an individual’s
characteristics, environmental factors, and behavior [30]. For example, if an intervention can increase
an individual’s self-efﬁcacy for physical activity (i.e., an individual characteristic) and promote greater
social support for physical activity (i.e., an environmental factor), this individual is more likely to
participate in physically active behavior(s). One manner by which a Social Cognitive Theory-based
health education intervention might be delivered is through social media as this technological medium
could be used to promote: (1) improvements in individual characteristics via health education; and
(2) social support given the inclusion of all intervention participants on intervention-related social
media pages upon which the participants can interact and support one another’s health-related
endeavors. Data has indicated females to comprise the majority of U.S. Facebook users, with women
≥25 years old representing 40% of all U.S. Facebook users [31]. As the use of theory to frame an
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intervention’s development/implementation may increase intervention effectiveness [32,33], providing
breast cancer survivors with Social Cognitive Theory-based health education tips via Facebook might
assist this population in living healthier, more active lifestyles in addition to improving quality of
life—a strategy which has, in fact, been suggested by breast cancer survivors in recent research [17].
Therefore, the purpose of this 10-week pilot randomized trial was to evaluate the effectiveness of
a combined smartwatch and theoretically-based, social media-delivered health education intervention
in promoting improved physical activity participation, physiological/psychosocial health, and
quality of life as well as reduced sedentary behavior among breast cancer survivors. By providing
experimental group participants a Polar M400 smartwatch and a Social Cognitive Theory-based [29,30],
Facebook-delivered health education intervention, it was hypothesized that: (1) experimental
group participants would have larger increases in physical activity, energy expenditure, and
steps/day in addition to greater decreases in sedentary behavior than comparison group participants
receiving only the Facebook-delivered health education intervention given the experimental group’s
additional ability to monitor Polar M400 health metrics like steps per day and daily activity
duration; (2) experimental group participants would experience greater improvements in weight,
body composition, and cardiorespiratory ﬁtness versus comparison. This was hypothesized as it was
believed the experimental group might modify caloric consumption and increase physical activity
participation based upon the Polar M400’s energy expenditure and steps per day/daily activity
time readings, respectively—behaviors which would be supplemented by the health education
being delivered via this group’s respective Facebook group; and (3) more favorable changes in
Social Cognitive Theory-related psychosocial constructs and quality of life would be observed in
the experimental group versus comparison partially resulting from the greater hypothesized changes
for physical activity and physiological outcomes among the experimental group. Observations may
assist health professionals in developing large-scale, low-burden, and well-integrated physical activity
interventions among breast cancer survivors and other clinical populations which can effectively
improve health outcomes during or following treatment.
2. Materials and Methods
This manuscript’s construction was guided by the CONSORT guidelines [34] for the reporting of
randomized trials.
2.1. Study Design
A 10-week two-arm parallel randomized pilot trial study design was implemented, with data
collected from November 2016 to April 2017. Baseline and 10-week assessments of 7-day habitual
physical activity and sedentary behavior as well as evaluations of physiological, psychosocial, and
quality of life outcomes were performed. Given the pilot nature of the trial, use/acceptability of the
intervention was also assessed. Notably, the current investigation built upon the researchers’ previous
smartphone- and social media-based health education intervention study [16], with three distinct
differences. First, the current study used the Polar M400 smartwatch as opposed to a smartphone
application because most breast cancer survivors in the previous study stated the need to open their
smartphone to track/document physical activity was burdensome and that the “always on” physical
activity tracking capabilities of smartwatches would be preferable during future interventions. Second,
the Facebook-delivered health education intervention used in the current study, while similar to the
previous study, included the addition of a workout program (see Procedures) designed around the
unique limitations of breast cancer survivors (e.g., functional limitations imposed by mastectomies
and/or comorbidities). Finally, the previous study was a single group pre-post intervention design,
not a randomized trial as implemented in the present investigation. All procedures performed
with participants were in accordance with the standards of the Institution and/or national research
committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical
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standards [35]. Testing was not performed until University institutional review board approval and
participant informed consent were obtained.
2.2. Recruitment and Inclusion/Exclusion Criteria
Posted ﬂyers in the University’s Masonic Cancer Center and surrounding medical buildings,
University-wide emails, online postings, and word-of-mouth were all used to recruit eligible breast
cancer survivors. Breast cancer survivors interested in study participation contacted one of the
researchers (ZCP) and were screened against the following criteria: (1) females of any race/ethnicity;
(2) ≥21-years-old; (3) prior stage 0–III breast cancer diagnosis; (4) breast cancer treatment ﬁnished
3 months to 10 years earlier with no recurrence; (5) possessed an active Facebook account; and
(6) willingness to complete the Physical Activity Readiness Questionnaire [36] and be randomized
into an experimental or comparison group. Exclusion criteria were: (1) any ongoing breast cancer
treatment; and (2) contraindication(s) to physical activity participation (e.g., pacemaker implant,
medical condition) as indicated by the Physical Activity Readiness Questionnaire which could
potentially limit study participation.
2.3. Measures
Demographic/clinical variables. Breast cancer survivors self-reported age, race/ethnicity,
birthplace, education/annual income level, marital/employment status, breast cancer diagnosis
stage, treatment type, months since diagnosis, remission duration, and Tamoxifen use.
2.3.1. Primary Outcome
Physical activity levels/energy expenditure. ActiGraph GT3X+ accelerometers were employed
at baseline and 10 weeks to evaluate: mean daily duration of sedentary behavior, light physical
activity, and moderate-to-vigorous physical activity as well as energy expenditure in kcalories and
steps/day. Previous research [37] has observed the ActiGraph GT3X+ to be valid in physical activity
measurement among adults in free-living conditions. Per recommendations made in previous
literature [38], breast cancer survivors wore the accelerometer for 7 days to ensure collection of
physical activity data on at least 2 weekdays and 1 weekend day. Data was analyzed using the
following empirically-based cut points in counts/minute: sedentary behavior: 0–99; light physical
activity: 100–2019; moderate-to-vigorous physical activity: ≥2020 [39]. Any day with less than 10 h of
valid wear time for any participant was excluded from the analysis [38].
2.3.2. Secondary Outcomes
Anthropometry, body composition, and cardiorespiratory ﬁtness. To measure height to the nearest
half-centimeter and weight/body fat percentage, trained research assistants used a Seca stadiometer
(Seca, Hamburg, Germany) and a Tanita BC-558 IRONMAN® Segmental Body Composition Monitor
(Tanita, Tokyo, Japan), respectively. Validity of bioelectrical impedance for ﬁeld measurements of body
fat percentage has been observed in other adult populations [40]. Finally, the YMCA 3-min Step Test
was used to evaluate cardiorespiratory ﬁtness, with palpation of the radial artery for 1 min following
the test to acquire a post-test heart rate in beats/minute [41]. These measurements were taken at
baseline and 10 weeks.
Psychosocial variables. Psychometrically validated questionnaires were used to assess social
support, barriers, self-efﬁcacy, enjoyment, and outcome expectancy. In detail, a 5-item social support
measure adapted from the Patient-Centered Assessment and Counseling for Exercise questionnaire [42]
queried breast cancer survivors regarding how often signiﬁcant others encouraged them to be
physically active using a 5-point Likert-type scale (1: almost never to 5: almost always). For physical
activity barriers, breast cancer survivors rated the degree of agreement between personal barriers and
hypothetical barriers on a 14-item measure which employed a 4-point Likert-type scale (1: strongly
disagree to 4: strongly agree) [43]. A 9-item measure developed by Rodgers et al. [44] examined
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breast cancer survivors’ self-efﬁcacy as they rated how conﬁdent they felt in speciﬁc exercise situations
(e.g., “ . . . exercise when you feel discomfort” or “ . . . exercise when you lack energy”) using a
percentage scale (0%: not conﬁdent at all to 100%: extremely conﬁdent in 10% increments). A modiﬁed
5-item measure constructed by Harter [45] evaluated physical activity enjoyment as breast cancer
survivors rated their agreement with statements like “Engaging in physical activity is the thing I
like to do best” using a 5-point Likert-type scale (1: strongly disagree to 5: strongly agree). Finally,
a 9-item measure developed by Trost et al. [46] assessed breast cancer survivors’ outcome expectancy
as they rated agreement with responses originating from the stem “If I was to exercise on most days it
would . . . ”, with sample responses like “give me more energy” and “help to control my weight”. This
questionnaire employed a 5-point Likert-type scale (1: strongly disagree to 5: strongly agree). These
questionnaires were administered at baseline and 10 weeks.
Quality of life. Evaluation of physical functioning, anxiety, depression, fatigue, sleep, ability to
participate in social roles/activities, and pain occurred via the Patient Reported Outcome Measurement
Information System [47], with all outcomes assessed via 5-point Likert-type scales aside from that of
pain intensity. Speciﬁcally, to assess physical functioning, breast cancer survivors rated how current
physical abilities (e.g., “Are you able to get in and out of bed?”) were made more difﬁcult due to current
health (1: without any difﬁculty to 5: unable to do). A 7-day recall of symptom frequency (1: never to
5: always) was used to assess anxiety, depression, and ability to participate in social roles/activities.
Symptom frequency was also reported for fatigue, sleep, and pain, with responses ranging from 1: not
at all to 5: very much. Finally, sleep quality was evaluated using a 5-point Likert-type scale (1: very
poor to 5: very good), with pain intensity assessed on a 0 to 10 scale (0: no pain to 10: worst pain
imaginable). Prior research has indicated the validity of the Patient Reported Outcome Measurement
Information System in clinical populations [48]—including cancer populations [49]. This questionnaire
was administered at baseline and 10 weeks.
Use/acceptability. A post-intervention self-reported survey among experimental participants
evaluated: weekly frequency of Polar M400 wear, weekly frequency/mean duration of Polar M400
use during exercise, and Polar M400 enjoyment (dichotomous “yes” or “no” response). Experimental
participants were also asked to list any negative features of the smartwatch. Moreover, both groups
were surveyed at post-intervention regarding: implementation frequency of Facebook-delivered health
education tips and whether they perceived the health education tips as helpful (dichotomous “yes” or
“no” response).
2.4. Procedures
Breast cancer survivors interested in participating contacted a study researcher (ZCP), with
potential participants screened against inclusion criteria. Baseline testing was then scheduled for
eligible breast cancer survivors. Baseline testing began with a battery of questionnaires evaluating
demographic/clinical characteristics, psychosocial constructs, and quality of life indices. Next, breast
cancers survivors’ height, weight, body composition, and cardiorespiratory ﬁtness were measured.
Participants were then given an ActiGraph GT3X with instructions on how and when the accelerometer
needed to be worn over the following 7 days. During the 7 days the breast cancer survivors wore the
accelerometer during baseline testing, a random numbers table was used to randomize participants into
the experimental or comparison group, with a 1:1 allocation ratio. Upon returning the accelerometer,
each participant met with the researcher (ZCP) to learn their group allocation and discuss use of the
Polar M400 and/or the Facebook group components of their respective intervention.
Experimental group participants were instructed ﬁrst on the use of the Polar M400—a powerful
no-frills smartwatch capable of tracking health metrics such as energy expenditure, steps/days, and
daily physical activity duration, among other metrics. Notably, while the Polar M400 is equipped
with a triaxial accelerometer, the smartwatch also possesses global positioning system capabilities
and Bluetooth compatibility—the latter allowing the smartwatch to sync to an associated smartphone
application and/or internet-based portal [50]. Given the Polar M400’s numerous functions, the
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researcher spent approximately 15 min with each experimental participant providing a tutorial
of the smartwatch’s functions, subsequently providing the Polar M400 manual to experimental
group participants as well. Next, experimental group participants were given a tutorial of
the Facebook page used throughout the intervention to provide twice-weekly Social Cognitive
Theory-related health education tips (see Supplementary Materials). These tips were developed
to assist participants’ integration of physical activity into their daily routine by improving participants’
physical activity-related self-efﬁcacy, outcome expectancy, social support, and enjoyment while
reducing barriers. These tips have been used with success in a previous intervention among breast
cancer survivors [16]. For example, health education tips written to increase participants’ outcome
expectancy, enjoyment, and social support used empirically-based facts to remind participants of
the improved mood/quality of life and physiological outcomes which may occur due to increased
physical activity participation while also providing some ideas by which to make physical activity
more fun and social. Experimental group participants were also told that they could post physical
activity-related statistics to the Facebook group from their Polar M400 and/or comment within the
Facebook group at their discretion to support one another toward physical activity goals.
Comparison group participants received identical instructions to those listed above regarding
accessing and using a separate, content-identical Facebook group, with each participant asked to
discontinue smartwatch use throughout the duration of the study. Finally, both groups also received a
periodized strength and aerobic training program (see Supplementary Materials) via the Facebook
group developed by the ﬁrst author (an ACSM Certiﬁed Exercise Physiologist) with the physical
limitations of breast cancer survivors—particularly those of the upper body—accounted for. This
workout program was not mandatory to implement, however. Notably, both Facebook groups were
completely private (i.e., closed) and unsearchable via Facebook. To ensure intervention ﬁdelity, both
groups were contacted every other week throughout the study and encouraged to continue using the
Polar M400 (experimental group) and/or reading and attempting to implement the Facebook-delivered
health education tips (both groups). Successful study completion resulted in receipt of a $100 gift card
compensation. Experimental group participants were not allowed to keep the Polar M400 following
study completion.
2.5. Statistical Analysis
First, intervention use/acceptability was evaluated descriptively—providing context for
subsequent results. Second, descriptive statistics for all other outcomes at each time point were
calculated, with an outlier analysis and Shapiro–Wilks tests of normality also performed. To evaluate
baseline group differences in each categorical and continuous variable, chi-square and independent
t-tests were then conducted, respectively. Third, mean change for each outcome variable was calculated
by subtracting the value measured at baseline from the measurements taken at 10 weeks. Finally,
Mann–Whitney U tests and independent t-tests were used to investigate group differences over
time in the mean change of primary (i.e., moderate-to-vigorous physical activity, light physical
activity, steps/day, and energy expenditure) and secondary (i.e., weight, body fat percentage,
cardiorespiratory ﬁtness, psychosocial constructs, and quality of life) outcomes. Notably, non-normal
data distributions were observed for all physical activity outcomes and quality of life outcomes and,
therefore, Mann–Whitney U tests were employed to evaluate differences in mean change between
groups over time. Normally distributed data distributions were observed for physiological and
psychosocial variables; thus, independent t-tests assessed differences in mean change over time
in these outcomes, with Levene’s Test for Equality of Variance used to examine homogeneity and
determine the correct p-value(s) to report. Given the exploratory nature of the pilot trial, alpha was not
adjusted, remaining at a p-value of 0.05 for all analyses.
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3. Results
3.1. Baseline Comparisons and Participant Flow
Participant ﬂow through the study is outlined within the CONSORT Diagram (see Figure 1).
Forty-two breast cancer survivors expressed interest in the study, with 30 breast cancer survivors
subsequently found eligible for baseline testing and randomization. Baseline values for these
breast cancer survivors’ demographic and clinical outcomes are presented in Table 1, with baseline
comparisons of physical activity, physiological, psychosocial, and quality of life outcomes included
in Table 2. No baseline group differences were observed for any variable suggesting efﬁcacy of the
randomization procedures.

Figure 1. CONSORT study participant ﬂow diagram.
Table 1. Participant baseline comparisons for clinical and demographic characteristics *.
Demographic Characteristics (n = 30)
Experimental (n = 16)
Avg. (M ± SD)
Age (years)
Race/ethnicity
Caucasian
Hispanic

Freq. (Counts)

Comparison (n = 14)
Avg. (M ± SD)

Freq. (Counts)

p-Value

50.6 ± 7.4

54.9 ± 11.0

0.23

16
0

13
1

0.28

100
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Table 1. Cont.
Demographic Characteristics (n = 30)
Experimental (n = 16)
Avg. (M ± SD)

Freq. (Counts)

Comparison (n = 14)
Avg. (M ± SD)

Freq. (Counts)

Educational status
Some college/technical school
College graduate
Graduate school

2
5
9

2
4
8

Health insurance
Private
Medicaid

16
0

12
2

Employment status
Full time
Part time
Retired
Housewife

9
5
0
2

7
4
2
1

Marital status
Married
Separated/divorced
Widowed
Living with unmarried partner

14
1
0
1

10
2
1
1

Annual income (USD)
$10,001–20,000
$30,001–40,000
$40,001–50,000
$50,000–74,999
$75,000–99,999
≥$100,000

1
1
0
0
4
10

1
2
1
1
3
6

p-Value

0.98

0.12

0.46

0.60

0.65

Clinical Characteristics (n = 30)
Time in remission

60.7 ± 39.7

48.7 ± 31.7

0.37

Months since diagnosis
≤12 months
13 to 24 months
25 to 36 months
49 to 60 months
≥61 months

0
5
2
0
9

1
1
3
3
6

Diagnosed breast cancer stage
Stage 0
Stage 1
Stage 2
Stage 3

3
4
7
2

1
5
5
3

Treatment type
Surgery only
Surgery + radiation
Surgery + chemo
Surgery + radiation + chemo

2
2
5
7

4
1
5
4

Tamoxifen use
Yes
No

10
6

9
5

0.92

Follow-up care in past 12 months
Yes
No

16
0

14
0

1.00

Clinical breast exam frequency
Never
Every 3–6 months
Every 6–12 months
Once yearly
Other

1
2
5
6
2

0
2
5
7
0

Comorbidities
None
1
≥2

13
1
2

14
0
0

* Intent-to-treat analysis presented. Avg. = average; M = Mean; SD = Standard Deviation; Freq. = Frequency.
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0.64

0.57

0.23
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Table 2. Baseline comparisons for participants’ primary and secondary outcomes *,a .
Experimental (n = 16)

Comparison (n = 14)

p-Value

Primary Outcomes
Daily MVPA
Daily LPA
Daily SB
Daily EE
Daily steps

26.7 ± 18.4
72.9 ± 44.1
378.0 ± 192.5
272.5 ± 166.6
4099.8 ± 2651.6

20.9 ± 17.6
77.3 ± 48.2
361.7 ± 201.0
303.1 ± 240.9
3092.7 ± 2214.0

0.40
0.80
0.82
0.69
0.27

Secondary Outcomes
Physiological variables
Weight (kg)
Body fat (%)
Cardiorespiratory ﬁtness

76.0 ± 13.0
39.4 ± 5.5
113.2 ± 20.7

Self-efﬁcacy #
Social support $
Enjoyment $
Barriers @
Outcome expectancy $

73.3 ± 22.1
2.8 ± 1.1
3.2 ± 0.5
2.0 ± 0.5
3.9 ± 0.5

Physical functioning **
Anxiety **
Depression **
Fatigue **
Sleep quality **
Sleep disturbances **
Social roles/activities limitations **
Pain limitations **
Pain intensity &

1.2 ± 0.4
1.8 ± 0.8
1.3 ± 0.3
2.5 ± 1.1
3.1 ± 1.0
2.9 ± 0.6
2.2 ± 1.1
1.7 ± 0.8
2.0 ± 1.3

85.0 ± 24.9
38.6 ± 9.8
106.1 ± 23.4

0.24
0.81
0.39

Psychosocial variables
80.3 ± 14.5
2.1 ± 1.0
3.3 ± 0.5
1.9 ± 0.4
4.1 ± 0.5

0.33
0.06
0.55
0.57
0.55

Quality of life variables
1.3 ± 0.3
1.5 ± 0.7
1.1 ± 0.3
2.3 ± 0.6
3.4 ± 0.9
2.6 ± 0.5
2.1 ± 0.8
1.5 ± 0.6
2.2 ± 1.9

0.64
0.34
0.21
0.51
0.39
0.17
0.76
0.51
0.72

* All values Mean ± Standard Deviation; a Intent-to-treat analysis presented; # Evaluated on a percentage conﬁdence
scale from 0% (Not conﬁdent at all) to 100% (Extremely conﬁdent); $ Evaluated on 5-point Likert-type scale;
@ Evaluated on 4-point Likert-type scale; ** Evaluated on a 5-point Likert-type scale; & Evaluated on a scale from 0
(no pain) to 10 (worst pain imaginable).

Ten breast cancer survivors dropped out of the study (66.6% retention rate; experimental group: 4;
comparison group: 6). Eight breast cancer survivors dropped out due to reasons unrelated to the study.
Regarding the other two dropouts, one participant dropped out due to the perception that the Polar
M400 was “too large” and inhibiting her daily work, with the other dropping out due to concerns about
Facebook privacy (despite the Facebook groups being entirely private and unsearchable). Compared
to completers, dropouts had less private insurance coverage, longer duration since diagnosis, and
lower annual income, daily light physical activity, moderate-to-vigorous physical activity, EE, and
steps. Given these differences, a per-protocol analysis was completed when evaluating changes in
health outcomes from baseline to 10 weeks.
3.2. Intervention Use/Acceptability
All experimental group participants reported wearing the Polar M400 6–7 days/week. The
weekly mean frequency and duration per session for the use of this device during exercise was
4.55 ± 1.74 sessions/week and 53.9 ± 16.7 min/session, respectively. Only 7 of the 12 experimental
participants reported enjoying Polar M400 use, however, with these participants stating the following
as negative device features: was difﬁcult to sync to phone/computer; had trouble tracking activities
like biking and swimming; the size of the smartwatch was “too big”, with most breast cancer survivors
stating the device’s buttons would get inadvertently pressed when dressing and undressing given the
thickness of the smartwatch; and the smartwatch use was not as “straightforward” to use as other
smartwatches as the device used buttons on the side of the device to toggle through black-and-white
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screens and did not possess a color touchscreen with easily accessible tabs akin to other smartwatches
like the Fitbit. Regarding the Facebook health education intervention, participants across both groups
reported implementing the tips provided 1.2 ± 1.0 times/weekly, with 16 out of 20 participants
enjoying these health education tips.
3.2.1. Primary Outcomes
Table 3 contains descriptive statistics for breast cancer survivors’ mean daily moderate-to-vigorous
physical activity, light physical activity, sedentary behavior, energy expenditure, and steps/day at
baseline and 10 weeks. No statistically signiﬁcant group differences were observed for change over
time for any variable. However, both the experimental and comparison groups demonstrated increased
mean daily moderate-to-vigorous physical activity (+3.5 and +7.5 min, respectively), light physical
activity (+7.5 and +8.1 min, respectively), energy expenditure (+26.7 and +22.6 calories, respectively),
and steps/day (+342.7 and +334.4 steps/day, respectively) from baseline to 10 weeks. Notably, mean
daily sedentary behavior remained stable over time, but slight increases were observed within the
experimental (+2.4 min) and comparison (+0.4 min) groups.
Table 3. Descriptive statistics for physical activity-related outcomes by group at baseline and
10 weeks *,a .
Experimental (n = 12)
Daily MVPA
Daily LPA
Daily SB
Daily EE
Daily steps

Comparison (n = 8)

Baseline

10 Weeks

Baseline

10 Weeks

30.7 ± 13.2
91.4 ± 28.8
464.4 ± 50.7
333.1 ± 113.3
4832.4 ± 1816.4

34.2 ± 18.7
98.9 ± 29.5
466.8 ± 34.7
359.9 ± 147.4
5175.1 ± 2308.2

30.2 ± 16.2
100.4 ± 31.6
449.2 ± 54.9
395.5 ± 229.9
4411.6 ± 1624.7

37.8 ± 20.4
108.5 ± 47.9
449.6 ± 53.2
418.0 ± 188.9
4746.0 ± 2044.9

p-Value b
0.49
0.76
0.82
0.44
0.76

* All values Mean ± Standard Deviation; a Per-protocol analysis presented; b p-value represents group difference in
change from baseline to 10 weeks for a given outcome as assessed via Mann–Whitney U tests.

3.2.2. Secondary Outcomes
Table 4 provides descriptive statistics for all physiological and psychosocial outcomes at baseline
and 10 weeks while Table 5 provides descriptive statistics for all quality of life outcomes at the same
time points.
Table 4. Descriptive statistics for physiological and psychosocial variables by group at baseline and
10 weeks *,a .
Experimental (n = 12)
Baseline

10 Weeks

Comparison (n = 8)
Baseline

10 Weeks

p-Value b

78.0 ± 23.0
35.0 ± 10.8
100.3 ± 21.6

0.62
0.12
0.97

71.8 ± 14.8
3.0 ± 1.1
3.3 ± 0.6
1.8 ± 0.4
4.0 ± 0.6

0.98
0.05
0.53
0.04
0.34

Physiological variables
Weight (kg)
Body fat (%)
Cardiorespiratory ﬁtness

76.6 ± 13.3
39.8 ± 6.0
110.4 ± 18.5

76.9 ± 12.2
40.2 ± 5.4
105.7 ± 21.7

Self-efﬁcacy #
Social support $
Enjoyment $
Barriers @
Outcome expectancy $

75.6 ± 25.1
3.0 ± 1.1
3.3 ± 0.5
2.0 ± 0.5
4.1 ± 0.5

67.9 ± 26.5
2.7 ± 1.3
3.2 ± 0.5
2.0 ± 0.5
3.9 ± 0.5

78.0 ± 22.6
36.0 ± 10.6
104.8 ± 29.3

Psychosocial variables
78.2 ± 12.1
2.4 ± 1.1
3.2 ± 0.6
2.1 ± 0.2
4.0 ± 0.6

* All values Mean ± Standard Deviation; a Per-protocol analysis presented; b p-value represents group difference
in change from baseline to 10 weeks for a given outcome as assessed via independent t-tests; # Evaluated on a
percentage conﬁdence scale from 0% (Not conﬁdent at all) to 100% (Extremely conﬁdent); $ Evaluated on 5-point
Likert-type scale; @ Evaluated on 4-point Likert-type scale.
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Table 5. Descriptive statistics for quality of life outcomes by group at baseline and 10 weeks *,a .
Experimental (n = 12)
Physical functioning **
Anxiety **
Depression **
Fatigue **
Sleep quality **
Sleep disturbances **
Social roles/activities limitations **
Pain limitations **
Pain intensity &

Comparison (n = 8)

Baseline

10 Weeks

Baseline

10 Weeks

1.1 ± 0.2
1.8 ± 0.8
1.2 ± 0.3
2.3 ± 1.0
3.1 ± 0.9
2.8 ± 0.6
2.0 ± 0.9
1.5 ± 0.5
1.8 ± 1.0

1.1 ± 0.2
2.0 ± 0.8
1.4 ± 0.4
2.3 ± 0.8
3.3 ± 0.6
2.5 ± 0.4
1.8 ± 0.7
1.5 ± 0.6
1.8 ± 1.8

1.2 ± 0.2
1.7 ± 0.7
1.1 ± 0.3
2.4 ± 0.6
3.6 ± 0.9
2.5 ± 0.5
1.9 ± 0.7
1.4 ± 0.5
2.0 ± 1.9

1.1 ± 0.2
1.5 ± 0.7
1.1 ± 0.1
2.2 ± 0.9
3.5 ± 0.9
2.5 ± 0.4
1.9 ± 0.5
1.4 ± 0.4
1.8 ± 1.4

p-Value b
0.78
0.19
0.41
0.31
0.62
0.64
0.64
1.0
0.97

* All values Mean ± Standard Deviation; a Per-protocol analysis presented; b p-value represents group difference in
change from baseline to 10 weeks for a given outcome as assessed via Mann–Whitney U tests; ** Evaluated on a
5-point Likert-type scale; & Evaluated on a scale from 0 (no pain) to 10 (worst pain imaginable).

3.3. Physiological Changes over Time
Breast cancer survivors’ weight was observed to be largely unchanged within both groups from
baseline to 10 weeks, but the comparison group did demonstrate a larger, albeit non-signiﬁcant
(p > 0.05), decrease in body fat percentage (−1.0%) compared to the experimental group (+0.5%)
during the intervention. Additionally, while improvements in cardiorespiratory ﬁtness over time
were not signiﬁcantly different between groups, both groups demonstrated reduced heart rate
following the YMCA 3-min Step Test at 10 weeks (experimental: −4.8 beats/minute; comparison:
−4.5 beats/minute).
3.4. Psychosocial Construct Changes over Time
Signiﬁcant group differences for changes in social support (t = −2.1, p = 0.05) and barriers (t = −2.2,
p = 0.04) were observed. Interestingly, from baseline to 10 weeks, the comparison group demonstrated
improved physical activity-related social support and decreased barriers while the experimental group
demonstrated slightly decreased social support and no change in barriers.
3.5. Quality of Life Changes over Time
No signiﬁcant group differences over time were observed for any quality of life outcome. It is
noteworthy, however, that the experimental group demonstrated decreased social role limitations
and reductions in sleep disturbances, with a subsequent increase in sleep quality, from baseline to
10 weeks.
4. Discussion
Breast cancer survivors are at risk of greater physical inactivity, poorer physiological/
psychological health, and reduced quality of life due to past breast cancer treatment [3,4]. Given
physical activity’s demonstrated effects on breast cancers survivors’ health outcomes, health behavior
change interventions have become common recommendations among this population [5–10]. As breast
cancer survivors have found acceptable and expressed interest in the use of smartwatches to
self-regulate physical activity and sedentary behavior [17], this pilot randomized trial examined
the effectiveness of a combined smartwatch- and social media-based health education intervention
in the promotion of improved physical activity and health indices among breast cancer survivors.
Observations suggested this type of intervention might promote improvements in physical activity
and certain health outcomes, but that smartwatch complexity needs to be considered as the
experimental group did not demonstrate signiﬁcantly different improvements over time versus the
comparison group.
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The current investigation’s ﬁrst hypothesis was that greater increased physical activity, energy
expenditure, and steps/day in addition to reduced sedentary behavior would be observed among
the experimental group versus the comparison group. Observations were not congruent with this
hypothesis as both groups demonstrated similarly increased moderate-to-vigorous physical activity,
light physical activity, energy expenditure, and steps/day during the intervention period with mean
increases of approximately 5 min, 8 min, 25 kcalories, and 340 steps/day, respectively. Despite no
statistically signiﬁcant group differences, these ﬁndings may have some clinical/practical signiﬁcance.
Speciﬁcally, research has indicated sedentary behavior to increase breast cancer recurrence risk by up
to 34% among breast cancer survivors [51]. Reasons for the increased recurrence risk are many, not the
least of which has to do with adiposity and its effects on cancer-related hormones. Brieﬂy, increased
adiposity among breast cancer survivors has been positively correlated with insulin resistance as well as
poorer regulation of insulin growth factor-1 (IGF-1) and estrogen—two hormones frequently implicated
in breast cancer development and recurrence [52]. Fortunately, physical activity has been shown to
promote appropriate regulation of insulin, IGF-1, and estrogen [53]. Thus, the combined ~13 min/day
increase in moderate-to-vigorous physical activity and light physical activity from baseline to 10 weeks
is noteworthy as this increase contributed to ~1.5 h/week more of physical activity among the current
sample. Nonetheless, it is necessary to question why the experimental group did not experience greater
increases in the preceding primary outcomes than the comparison group.
Examination of the experimental groups’ opinion of the Polar M400 smartwatch may provide
some answers. Explicitly, ﬁve out of the 12 breast cancer survivors in the experimental group expressed
frustration with the smartwatch, with participants ﬁnding the smartwatch too complex, hard to
connect to the associated smartphone application, and too big. These remarks are congruent with
recent literature among breast cancer survivors during which it was found breast cancer survivors
prefer simple, easy-to-use smartwatches with larger screens when using these devices to self-regulate
physical activity and sedentary behavior [17]. Indeed, while powerful, the Polar M400 is not as
intuitive as other smartwatches available on the market (e.g., Apple Watch 3, Fitbit Ionic) given the fact
that Polar has long marketed their products to the sport performance industry and has only recently
begun to develop and market smartwatches. Therefore, future studies among breast cancer survivors
may utilize smartwatches which are more mainstream and easier-to-use—keeping in mind that breast
cancer survivors are often middle-aged females and that research does suggest a negative relationship
between age and technological literacy, adoption, and use [54,55].
The preceding observations regarding the usability of the Polar M400 might have also inﬂuenced
the conclusions made regarding the study’s second hypothesis wherein it was stated that the
experimental participants would have greater improvements in physiological outcomes versus
comparison participants. Indeed, no difference in mean body weight changes were observed between
groups, with the lower heart rate observed following the step test nearly identical for both groups
(approximately 5 beats/minute; indicative of improved cardiorespiratory ﬁtness). Interestingly,
decreased body fat percentage was observed among comparison participants while slightly increased
body fat percentage was seen among experimental participants during the intervention. Yet, it is
difﬁcult to know whether these changes represent actual changes in body fat percentage due to the
intervention as the magnitude of these changes is within the margin of error commonly reported for
bioelectrical impedance testing on individuals of higher body fat percentage akin to that observed in
the current investigation [56]. While the lower heart rate following step testing is promising given the
fact improved cardiorespiratory ﬁtness has been observed to negatively correlate with breast cancer
survivors’ risk of breast cancer recurrence [57], decreased body weight and body fat percentage is still
highly desired given the aforementioned inﬂuence of adiposity on key cancer hormones [52,53].
The ﬁnal hypothesis of this study was that the experimental participants would experience
greater beneﬁcial changes in social cognitive theory-related psychosocial constructs and quality of life
indices versus the comparison group. Observations, again, were not congruent with this hypothesis.
Interestingly, signiﬁcantly greater increases in social support were observed among comparison

105

J. Clin. Med. 2018, 7, 140

participants versus experimental participants who demonstrated slightly decreased social support over
time. It is noteworthy, however, that experimental participants had marginally signiﬁcantly higher
social support at baseline versus comparison participants (p = 0.06), with both groups completing
the intervention with approximately the same social support scores. Therefore, these paradoxical
ﬁndings might be attributed more to regression towards the mean than the effects of the intervention.
Notably, experimental participants did demonstrate greater reductions in social role limitations and
sleep disturbances in addition to a slight increase in sleep quality versus comparison participants
during the intervention. These observations are positive as social role limitations and fatigue (among
other factors) have been observed to be a major determinants of quality of life among breast cancer
survivors [58]. Moreover, sleep disturbances have been shown to moderate the effect of vasomotor
symptoms associated with the onset of breast cancer treatment-induced menopause (e.g., hot ﬂashes)
on depressive symptoms among breast cancer survivors approximately the same age as women in the
current study [59]. This suggests the less frequent sleep disturbances (and improved sleep quality)
indicated among experimental participants might confer health beneﬁts in the long term. Nonetheless,
more research with larger and more diverse samples is needed to investigate how to effectively promote
improved psychosocial and quality of life health outcomes among breast cancer survivors.
Strengths of the current study include: (1) investigation of breast cancer survivors—a population
not often targeted for physical activity interventions; (2) use of a combined smartwatch and social
media-delivered health education intervention; (3) utilization of Social Cognitive Theory to develop
and implement the intervention; and (4) evaluations of physiological, psychosocial, and quality of life
indices in addition to a full spectrum of objectively-assessed physical activity analyses (i.e., durations of
sedentary behavior, light physical activity, and moderate-to-vigorous physical activity). Despite these
strengths, limitations are present and should be accounted for when interpreting the study’s ﬁndings.
To begin, the study was not blinded. Although group allocation was concealed as best as possible
from participants, several breast cancer survivors in the present study knew one another from various
breast cancer survivors support groups raising the concern of contamination between groups. Second,
while the request was made to comparison participants to discontinue smartwatch use throughout the
duration of the intervention, it might be possible that some participants did not follow these directives
or utilized other means of health behavior tracking in place of a smartwatch (e.g., a smartphone-based
health application). Third, the study concentrated exclusively on promoting physical activity and
reducing sedentary behavior, with no dietary component included. Diet has been cited as an important
consideration when seeking to promote improved health among breast cancer survivors given the
dietary effects which can be present on hormones related to breast cancer development/metastasis
such as estrogen, insulin, and IGF-1 [53]. As interventions targeting both dietary and physical activity
behaviors have been shown to be more effective than interventions targeting dietary or physical
activity behaviors exclusively [60], including both emphases in future interventions is advised. Further,
measurements of biomarkers in future studies might also be advised to increase the generalizability of
the effects an intervention of this type might have in a clinical setting. Indeed, not only have biomarkers
like estrogen, insulin, and IGF-1 been implicated in breast cancer development/recurrence [52,53] but,
more recently, myokines have been observed important to breast cancer development [61]. Speciﬁcally,
this latter research has indicated that muscular contraction can increase myokine secretion which may
have a therapeutic effect on organ metabolism and potentially reduce the likelihood of breast cancer
recurrence among breast cancer survivors. Myokine measurements might also be correlated with
lean mass measurements made by body composition assessment techniques with demonstrated high
accuracy like hydrodensiometry and dual x-ray absorptiometry [62]. Nonetheless, the current study’s
methodology was sufﬁcient to investigate whether a combined smartwatch- and theoretically-based,
social media-delivered health education intervention was feasible among breast cancer survivors.
Although ActiGraph GT3X+ accelerometer has demonstrated acceptable validity and reliability in
assessing sedentary and physical activity behavior among adults, more accurate motion sensor in
measuring sedentary and light physical activity (e.g., activPAL) may be used in future studies with this
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population [63]. Additionally, the small sample size limited statistical power, with the fact the sample
was well-educated and of high socioeconomic status limiting study generalizability. Larger and more
diverse samples are suggested for future investigations. Finally, given the increasing popularity of the
Social Ecological Model and the important role the neighborhood environment plays in enhancing
physical activity and quality of life, researchers might include neighborhood environment in the
research design in the future [64].
5. Conclusions
The current study suggests that a theoretically based health education intervention delivered
using social media may be able to promote increased physical activity and select improved health
indices among breast cancer survivors. However, observations do not suggest smartwatch use
confers any additional beneﬁt to an intervention of this type. Indeed, despite extensive user
training, most experimental participants found the Polar M400 difﬁcult to use—possibly decreasing
intervention adherence. Future interventions should utilize simpler smartwatches to promote PA
among middle-aged clinical/non-clinical populations as technology-based interventions of this
type still show promise in providing low-burden, well-integrated health promotion options for
these populations.
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Abstract: Early childhood is a critical period for development of cognitive function, but research on
the association between physical activity and cognitive function in preschool children is limited and
inconclusive. This study aimed to examine the association between technology-assessed physical
activity and cognitive function in preschool children. A cross-sectional analysis of baseline data from
the Physical Activity and Cognitive Development Study was conducted in Shanghai, China. Physical
activity was measured with accelerometers for 7 consecutive days, and cognitive functions were
assessed using the Chinese version of Wechsler Young Children Scale of Intelligence (C-WYCSI).
Linear regression analyses were used to assess the association between physical activity and cognitive
function. A total of 260 preschool children (boys, 144; girls, 116; mean age: 57.2 ± 5.4 months)
were included in analyses for this study. After adjusting for confounding factors, we found that
Verbal Intelligence Quotient, Performance Intelligence Quotient, and Full Intelligence Quotient
were signiﬁcantly correlated with light physical activity, not moderate to vigorous physical activity,
in boys. Standardized coefﬁcients were 0.211, 0.218, and 0.242 (all p < 0.05) in three different models,
respectively. However, the correlation between physical activity and cognitive functions were not
signiﬁcant in girls (p > 0.05). These ﬁndings suggest that cognitive function is apparently associated
with light physical activity in boys. Further studies are required to clarify the sex-speciﬁc effect on
physical activity and cognitive functions.
Keywords: motor activity; intelligence quotient; young children

1. Introduction
Cognitive function is the ability to process information acquired from individual surroundings by
the brain and includes the ability to learn and remember information, organize, plan and problem-solve,
focus, maintain and shift attention, and understand and use language [1]. The stage of childhood is a
critical period to develop cognitive function, as cognitive function in childhood may be an important
indicator for future physical health, mental health, wealth, and public safety [2]. Therefore, identifying
related factors in the development of cognitive function in childhood has drawn researchers’ attention
due to its substantial beneﬁts extending into adulthood.
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Physical activity (PA), a component of lifestyle, is considered to be a potentially important
factor in altering our brain health and mental function [3]. In recent years, many studies have
examined the effects of PA on cognitive function. There is an increasing body of evidence suggesting
that in children and adolescents, PA, particularly moderate to vigorous physical activity (MVPA),
is closely associated with cognitive functions [4,5]. Furthermore, a systematic review concluded that
there is a positive association between PA and cognitive function in children [6]. Animal evidence
suggests that aerobic exercise can enhance human brain structure, prevent age-related brain tissue loss,
and improve cognitive performance [7], so increased PA can enhance brain function. Previous human
studies also indicated that PA in schools may enhance academic attainment, and higher levels of
physical ﬁtness in children may be associated with improved neurocognitive processing [8]. Increased
physical activity may therefore provide cognitive and educational beneﬁts across childhood and
adolescence. So, moderate and vigorous PA was recommended for children and adolescents, and the
importance of establishing healthy and appropriate behaviors in children is crucial for long-term
effects. However, different types, amounts, and frequencies of PA were adopted in these studies.
Moreover, in preschool stage, a key period for personality development, to the best of our knowledge,
studies assessing the association between PA and cognitive functions is limited. Furthermore, previous
trials were individually underpowered or primarily of weak quality to address this issue, and the few
observational studies addressing it have mixed results [9].
Therefore, in the current study, the aim is to examine the PA conditions in preschool children
and the association between the technology-assessed PA and cognitive functions, while adjusting for
confounding factors that associated with cognitive function on the basis of previous studies, such as
children’s cardiorespiratory ﬁtness, daily behavior, and mother’s education [6,10,11].
2. Methods
2.1. Participants
This cross-sectional study is a baseline data analysis from The Physical Activity and Cognitive
Function Study (Trial Registration: ChiCTR-OOC-15007439) [12]. A total of 346 (boys, 201; girls, 145)
preschool children were recruited from seven urban kindergartens in Shanghai, China. All the
parents/guardians of potential participants have been fully informed of the protocol and aims of the
study by parents’ meeting held in the kindergarten. Signed informed consent forms were obtained
from parents/guardians of the participants before this study began. The protocol was also approved
by The Ethics Advisory Committee of Shanghai University of Sport.
2.2. Measures and Procedures
Participants’ cognitive functions were evaluated using a short form of the Chinese version of
Wechsler Young Children Scale of Intelligence (C-WYCSI) [13], due to constraints in assessment time.
The short form consisted of four subtests, taking approximately 30 min to complete, and was also
widely adopted in previous studies investigating cognitive function [14,15]. Furthermore, the short
form of C-WYCSI was validated and the association of its scores and estimated Full Intelligence
Quotient (FIQ) was also conﬁrmed in our pilot study for preschool children (n = 31, r = 0.90, p < 0.01).
The short-form items consisted of two tests: the Verbal Intelligence Quotient (VIQ: Information and
Vocabulary) test and the Performance Intelligence Quotient (PIQ: Picture Completion and Block
Design) test. The Information subtest involved asking participants to answer questions about everyday
knowledge; participants received a 1 or 0 score for each correct or incorrect answer (total, 0–23 scores).
For the Vocabulary subtest, children were asked to identify the true answer from four pictures
corresponding to the word instructed by the tester; children scored 1 or 0 for each correct or incorrect
response (total, 0–44 scores). The Picture Completion subtest required children to identify and point
out the missing part of the picture; children received a 1 or 0 score for each correct or incorrect answer
(total, 0–25 scores). Finally, the Block Design subtest included a design either from the tester or the
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test booklet; children scored from 0 to 4 depending on how quickly they completed each design
(total, 0–29 scores). After assessment, raw scores were converted to standard scores based on the
instruction manual. Standardized scores of VIQ and PIQ were equal to the sum of two Verbal and
Performance subtest scores, respectively. FIQ was estimated using weighted scores of each subtest
according to the instruction manual (normal mean = 100, SD = 15.0). Children were divided into
ﬁve groups based on their FIQ scores: signiﬁcantly below normal, slightly below normal, normal,
slightly above normal, and signiﬁcantly above normal were deﬁned as <70, 70–<90, 90–110, >110–130,
and >130 scores, respectively.
Physical activity was measured over 7 consecutive days during waking hours with ActiGraph
accelerometers (GT3X+ , ActiGraph, Pensacola, FL, USA) on the right hip. The activity was captured by
a 1 s sampling interval and categorized as either light or moderate to vigorous PA (LPA, MVPA) based
on cutoff counts developed by Pate and colleagues for preschool children [16]. LPA corresponded with
101–1679 counts per minute (CPMs) and MVPA was equal or greater than 1680 CPMs. Individual
data were validated into analyses when participating in at least 3 days (including 1 weekend day) of
monitored PA, with a minimum of 8 h each day [17].
Children characteristics included sex, ages (months), heights, body weights, mother’s education,
family structures, and household income. Body mass index (BMI) was calculated using the formula
weight/height2 (kg/m2 ) and BMI status was classified as normal, overweight, and obese using
the cut points developed by International Obesity Task Force (IOTF) [18]. Mother’s education was
considered as a critical influence on children’s cognitive function [11], and the education level
was divided into six groups: less than high school, high school, some college/associate’s degree,
bachelor degree, master’s degree, and doctor degree. “Living with both parents” and “living
only with mother or father, or other situation” was used to evaluate family support. Household
income was divided into six groups according to median household incomes in China: None,
<4000 RMB/month, 4000–8000 RMB/month, 8001–15,000 RMB/month, 15,001–30,000 RMB/month,
and >30,000 RMB/month (1 RMB ≈ 0.16 US dollars).
Children’s daily behavior was an important indicator of physical activity [19] and was associated
with cognitive functions [10]. Therefore, it was included as a covariate in the regression models. In this
study, the past 2 months of children’s daily behavior were measured using four items from the Chinese
Child Behavior Checklist for Preschool Children. The items, completed by their teacher, were as
follows: (1) whether the child shows lack of concentration or non-persistent attention; (2) whether the
child is introverted and unwilling to talk; (3) whether the child is over-fatigued; and (4) whether the
child has slow actions or anenergia. Items were rated by a 3-point scale (0 = not true, 1 = sometimes
true, or 2 = often true). Finally, children’s behavior scores were divided into three groups based on the
total scores: low (4–6 scores), median (7–9 scores), and high (10–12 scores).
Cardiorespiratory ﬁtness was assessed by the multistage 20 m shuttle run test, which measured
cardiorespiratory ﬁtness by running back and forth for 20 m with a starting speed of 8.5 km/h and
increasing by 0.5 km/h with each level thereafter (1 min). Maximal performance was determined when
the participant failed to follow the pace for two consecutive attempts or stopped due to exhaustion.
Results were expressed as laps; one lap corresponded to 20 m. The multistage 20 m shuttle run test
is widely used for assessing cardiorespiratory ﬁtness in preschool children and has shown to have a
high reliability [20]. Due to the young age of participants, each child had an adult running with them
during the process to make sure the test was successfully completed.
2.3. Statistical Analyses
Analyses were performed using SPSS version 22.0 (SPSS Inc., Chicago, IL, USA). The normal
distribution test was conducted using Kolmogorov–Smirnov test, and variables were described as
mean ± SD for the normally distributed variables or median (interquartile ratio, IQR) for nonnormally distributed variables. Independent t tests, Mann–Whitney U tests, or chi-square tests
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were used to assess sex differences for normally distributed, non-normally distributed, or categorical
variables, respectively.
Linear regression analyses were used to explore the association between different intensities
of PA and cognitive functions. Variables were transformed to normal distribution using the log or
square root method before linear regression, if necessary. To understand total variance explained by
different factors, cognitive function regressed in three models: Model 1 LPA and MVPA entered the
model and was unadjusted for confounding factors; Model 2 was adjusted for sociodemographic and
children’s daily behavior (including age, BMI status, mother’s education, family structure, household
income, and child behavior scores); Model 3 was further adjusted for cardiorespiratory ﬁtness. Because
PA and physical ﬁtness have been suggested to be strongly linked with sex, our linear regression
analyses were stratiﬁed for sex. Furthermore, to test the robustness and avoid high correlation between
LPA and MVPA causing confusion of our results, LPA, MVPA, and total time engaged in physical
activity (TPA, equal to sum of LPA and MVPA) were separately entered into the regression model
again following the three steps described above. A two-sided p value ≤ 0.05 was considered as
statistically signiﬁcant.
3. Results
A total of 325 of 346 participants completed the C-WYCSI test. Among them, 11 preschool children
were excluded from analyses because of noncooperation during the test (n = 6) or intellectual disability
(n = 5, FIQ: 54.2–73.8). Characteristics of 260 participants (144 boys; 116 girls) who have complete
data of cognitive functions, PA, and confounding factors are shown in Table 1. On average, the age of
participants was 57.2 months (55.4% boys), the majority (79.2%) of preschool children were considered
as healthy weight according to IOTF, and the percentage of overweight/obesity, LPA, and MVPA in
boys were signiﬁcantly higher than girls. However, the correlation between physical activity and
cognitive functions were not signiﬁcant in girls (p > 0.05).
Table 1. Characteristics of the analyzed sample.
p for Sex

Total (n = 260)

Boys (n = 144)

Girls (n = 116)

Age (month)

57.2 ± 5.4

57.6 ± 5.4

56.7 ± 5.3

0.200

BMI (kg/m2 )
Normal
Overweight/Obesity

16.2 ± 1.9
206
54

16.5 ± 1.9
106
38

15.9 ± 1.8
100
16

0.001

Mother’s education
Less than high school
High school
College/associate degree
Bachelor’s degree
Master’s degree
Doctor degree

10
44
82
94
19
11

3
28
42
57
8
6

7
16
40
37
11
5

Family structure
Living with both parents
Others

251
9

140
4

111
5

Household income (RMB/month)
<4000
4000–8000
8001–15,000
15,001–30,000
>30,000

5
42
115
80
18

3
22
65
46
8

2
20
50
34
10

165
88
7
11.0 (10–14)

77
60
7
11 (9.25–14.0)

88
28
0
12 (10.0–14.75)

Child behavior scores (count)
Low (4–6 scores)
Median (7–9 scores)
High (10–12 scores)
Cardiorespiratory Fitness (lap)

0.013
0.236

0.502

0.866

<0.001
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Table 1. Cont.

Physical activity (min/day)
LPA
MVPA
Cognitive function
VIQ
FIQ
FIQ

Total (n = 260)

Boys (n = 144)

Girls (n = 116)

p for Sex

98.4 ± 17.1
71.8 ± 17.3

100.6 ± 17.9
74.1 ± 18.7

95.6 ± 15.7
69.0 ± 15.0

0.021
0.021

23 (19.0–26.0)
25 (22.0–27.0)
110.5 ± 12.4

22 (19.0–26.0)
25 (21.0–27.0)
110.0 ± 13.0

23 (19.0–26.0)
25 (23.0–27.75)
111.3 ± 11.6

0.558
0.255
0.370

Note: BMI, body mass index; LPA, light physical activity; MVPA, moderate to vigorous physical activity; VIQ, Verbal
Intelligence Quotient; PIQ, Performance Intelligence Quotient; FIQ, Full Intelligence Quotient. The mean ± SD or
median (interquartile ratio, IQR) was reported for normal or non-normal distribution variables.

The results showed that LPA, but not MVPA, is signiﬁcantly correlated with VIQ, PIQ,
and FIQ, even when adjusting for several potential confounding factors in the ﬁnal model in boys.
Corresponding standardized coefﬁcients were 0.211, 0.218, and 0.242 (all p < 0.05), respectively (Table 2).
However, the association between LPA and different categories of IQ were not found in girls in this
study. Furthermore, the results were similar with those described above when LPA and MVPA were
separately entered into the model; only LPA positively correlated with FIQ, solely in boys (β = 0.208,
p < 0.05). In addition, when TPA replaced LPA and MVPA into the model, the results also suggested
TPA positively associated with VIQ, and FIQ, solely in boys (β = 0.236 and 0.179, all p < 0.05).
Table 2. Linear regression analyses between cognitive function and physical activity.
Predictor Variables

VIQ
β

PIQ
β

95% CI

95% CI

FIQ
β

95% CI

Boys
Model 1 *
LPA
MVPA
R2

0.203
0.162

−0.009, 0.407
−0.048, 0.356
0.099

0.191
−0.001

−0.031, 0.416
−0.218, 0.217
0.022

0.224
0.082

0.008, 0.441
−0.130, 0.290
0.069

Model 2 †
LPA
MVPA
R2

0.197
0.064

0.009, 0.377
−0.120, 0.242
0.300

0.188
−0.076

−0.019, 0.398
−0.280, 0.131
0.152

0.218
−0.016

0.029, 0.408
−0.202, 0.171
0.291

Model 3 ‡
LPA
MVPA
R2

0.211
0.043

0.018, 0.395
−0.150, 0.232
0.297

0.218
−0.122

0.007, 0.433
−0.335, 0.096
0.157

0.242
−0.051

0.048, 0.435
−0.245, 0.146
0.293

Model 1 *
LPA
MVPA
R2

−0.028
−0.009

−0.271, 0.212
−0.265, 0.245
−0.017

0.064
0.108

−0.161, 0.289
−0.124, 0.353
0.006

0.007
0.037

−0.225, 0.240
−0.206, 0.286
−0.016

Model 2 †
LPA
MVPA
R2

−0.073
−0.025

−0.311, 0.156
−0.276, 0.220
0.090

0.025
0.103

−0.205, 0.255
−0.134, 0.353
0.011

−0.038
0.029

−0.268, 0.191
−0.212, 0.274
0.060

Model 3 ‡
LPA
MVPA
R2

−0.023
−0.143

−0.252, 0.203
−0.414, 0.092
0.157

0.027
0.097

−0.206, 0.261
−0.157, 0.363
0.002

−0.003
−0.053

−0.232, 0.226
−0.312, 0.196
0.087

Girls

Note: β, standardized coefﬁcients; R2 , adjusted R square; LPA, light physical activity; MVPA, moderate to vigorous
physical activity; VIQ, Verbal Intelligence Quotient; PIQ, Performance Intelligence Quotient; FIQ, Full Intelligence
Quotient; the p values less than 0.05 are bolded; * Model 1: unadjusted; † Model 2: adjusted for age, BMI status,
mother’s education, family structure, household income, and child behavior scores; ‡ Model 3: further adjusted for
cardiorespiratory ﬁtness, which was log-transformed before being entered into the model.
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4. Discussion
In this cross-sectional study, the major ﬁnding was that LPA was signiﬁcantly and positively
associated with intelligence quotient in boys, but not in girls. Based on the evidence available, the most
recent systematic review concluded that there is a positive association between PA and cognitive
function in children, although more studies are needed to identify the effects of different types, amounts,
and frequencies of PA on cognitive function [6]. Moreover, in general, MVPA was recommended for
children and adolescents because of the “intensity threshold” of PA beneﬁt [21]. However, ﬁndings
from this study are not in agreement with the results of previous studies, which found only LPA was
evidently correlated with cognitive function, as measured by standardized IQ testing, in preschool
children. A potential reason has been suggested to explain why different intensities of PA may play a
different role among different age groups. One of the hypotheses of PA’s effect on cognitive function
was mediated by cardiorespiratory ﬁtness [22], which increased responding to LPA in preschool
children but may need higher intensity stimulation in children and adolescents. Nevertheless, it is not
suggested that we can ignore the importance of MVPA, although only LPA is shown to be correlated
with cognition in this study. Further, total minutes of PA (TPA, sum of LPA and MVPA) also presented
a notable association with VIQ and FIQ when TPA took the place of LPA and MVPA in the model.
Moreover, the current guidelines of PA recommend accumulating at least 180 min of PA daily at any
intensity, and especially highlight the importance of TPA for preschool children [23]. Engaging in both
LPA and MVPA lead to increases in the amount of TPA and, therefore, neither of them can be ignored.
The positive association between PA and cognitive functions solely found in boys in this study is
also contrary to a recent review article, which showed the sex-dependent effect was more signiﬁcant
in girls [1]. A possible explanation for the ﬁndings was the lower level of cardiorespiratory ﬁtness
in girls at baseline which could result in more apparent physiological effect in the analysis [24].
Considering the possible inﬂuencing factors in this study, there were several explanations for
our current results. First, boys engaged in more PA than girls, possibly having a dose–response
effect, allowing boys to accrue greater cognitive function beneﬁts. Especially, accumulating evidence
from animal to human studies demonstrated that engaging in more physical activity can increase
expression and concentration of brain-derived neurotrophic factor in hippocampus [25], which has
been to play a crucial role in brain plasticity and functions [26]. Second, contrary to adolescents,
preschool children, especially boys, were found to have lower levels of cardiorespiratory ﬁtness in this
study. This may have been a physiological effect derived from boys’ PA stimulation. Furthermore,
hypothalamic–pituitary–adrenal (HPA) axis response to PA is sex-dependent, possibly causing the
sex-dependent effect [27]. For example, higher activation of HPA axis to PA in boys initiates a number
of physiological changes, such as stimulating protein synthesis, which serves as the basis for a number
of hormones, including adrenocorticotropic hormone (ACTH) and bendorphin that improve cognition,
behavior response, and homeostatic challenges [28]. Additionally, sex difference is also a result of
genetic variation, parental and familial factors, and one’s acquired behaviors and perceptions, with the
latter often shaped by unique experiences at the individual, parental, and familial levels [29].
Our study has several strengths. First, PA was measured using an accelerometer, which avoided
the recall bias of proxy report by parents or teachers. Second, several potential confounding factors
were adjusted in the statistical analyses. Third, our results were strengthened by combining and
separating LPA and MVPA into linear regression models. However, our study also has several
limitations. First, for feasibility, we used a convenience sample in this observational study. Second,
our cross-sectional study design has limited ability to draw a causal relation of our ﬁndings. We cannot
illustrate whether PA improves cognitive functions in boys or whether preschool aged boys with high
levels of cognitive function simply tend to participant in more PA. Last, the accelerometer was worn
over the hip, which limited the ability to capture activities with little displacement of the body, such as
cycling. However, the hip was probably the best placement to capture whole-body movements and
was also the site most often used by various studies [30].
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5. Conclusions
In conclusion, our ﬁndings suggest PA has a signiﬁcant and positive association with cognitive
functions in boys, especially LPA. On the basis of this study, we indicated the beneﬁt of cognitive
function derived from LPA and recommend sex-dependent responses should be considered in future
studies. Moreover, more prospective and intervention studies are needed to clarify the causal relation
and mechanisms of our observed sex-speciﬁc effect.
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Abstract: Objectives: This study examined the reliability of two objective measurement tools in
assessing children’s physical activity (PA) levels in an exergaming setting. Methods: A total of
377 children (190 girls, Mage = 8.39, SD = 1.55) attended the 30-min exergaming class every other
day for 18 weeks. Children’s PA levels were concurrently measured by NL-1000 pedometer and
ActiGraph GT3X accelerometer, while children’s steps per min and time engaged in sedentary,
light, and moderate-to-vigorous PA were estimated, respectively. Results: The results of intraclass
correlation coefﬁcient (ICC) indicated a low degree of reliability (single measures ICC = 0.03) in
accelerometers. ANOVA did detect a possible learning effect for 27 classes (p < 0.01), and the single
measures ICC was 0.20 for pedometers. Moreover, there was no signiﬁcant positive relationship
between steps per min and time spent in moderate-to-vigorous physical activity (MVPA). Finally,
only 1.3% variance was explained by pedometer as a predictor using Hierarchical Linear Modeling
to further explore the relationship between pedometer and accelerometer data. Conclusions:
The NL-1000 pedometers and ActiGraph GT3X accelerometers have low reliability in assessing
elementary school children’s PA levels during exergaming. More research is warranted in determining
the reliable and accurate measurement information regarding the use of modern devices in
exergaming setting.
Keywords: pedometers; accelerometers; measurement; physical activity levels; active video games

1. Introduction
Prevalence of insufﬁcient physical activity (PA) among children and adolescents serves as
a major contributor to non-communicable diseases such as obesity, depression, Type II diabetes,
and cardiovascular diseases [1]. As such, a call has been made to gather effective methods of promoting
more PA among children in the hopes of maintaining PA participation into adolescence and adulthood.
One such method to promote PA levels among children is exergaming (also known as active video
games). Exergaming is an emerging technology that requires the players to be physically active
while providing performers with the opportunity for health enhancement, thereby thwarting the
perception of videogame playing is always sedentary [2]. Compared with traditional PA, exergaming
is often perceived as motivating and fun among children because it makes an attractive option in
the quest to promote an active and healthy lifestyle within the school settings [3]. Previous studies
have found exergaming is a feasible means for children to engage in higher amounts of PA [4,5],
and thus exergaming has been integrated into school-based programs to promote children’s PA [6–10].
J. Clin. Med. 2018, 7, 100; doi:10.3390/jcm7050100
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In addition, exergaming has been utilized for clinical purposes such as pediatric weight management,
and improvement on executive functions of children with autism spectrum disorder and with attention
deﬁcit hyperactivity disorder (ADHD) [11–14]. Evidence has shown that exergaming has the potential
to serve as an important addition to therapies for children with such conditions. As exergaming is
becoming more popular in pediatric clinical setting, valid methods of assessing PA levels in children
are critical to understanding the relationship between PA intervention and health promotion.
Nowadays, numerous techniques exist for measuring PA. These techniques can be grouped as
observation, self-reported instruments, and motion sensors. Although direct observation is considered
a gold standard in measuring PA [15], this may not be feasible in many situations because of expectancy
bias, observation effect, and even privacy issues on participants [16]. In addition, self-reported
instruments such as questionnaire is recommended not to be used in children below the age of 10 or
11 years, because these children do not have the required cognitive skills which may lead them to
over-report their PA levels [17]. Consequently, objective assessment tools such as motion sensors are
increasingly being used to assess PA levels in children.
More recently, pedometers and accelerometers have been widely used in assessing children’s
PA levels in exergaming settings. For instance, Gao and colleagues [8] used NL-1000 pedometers to
monitor children’s step counts and moderate-to-vigorous PA (MVPA) in Dance Dance Revolution
(DDR). In addition, a number of studies measured children’s energy expenditure (EE) and time spent
in sedentary, light PA, and MVPA utilizing Actigraph GT1M and ActiGraph GT3X accelerometers
during exergaming [2,18,19]. These devices are more advantageous because they are not dependent
upon individual’s memory, whereas self-reported instruments rely heavily on personal memory to
judge the intensity, duration, and frequency of PA. More speciﬁcally, pedometers and accelerometers
are capable of providing explicit information on the total accumulated quantity of EE and pattern
of PA performed throughout the course of the day. As a result, pedometers and accelerometers are
perceived more accurate and less subjective as compared to traditional self-reported instruments such
as questionnaires and PA logs [20].
In fact, motion sensors have been proven to be reliable in some PA settings. For example, Steeves
and colleagues [21] indicated that Omron HJ-303 Pedometer was trustworthy during treadmill running
and walking, while the evidence of reliability on GT3X accelerometer was found in assessing activities
of daily living [22]. Although many studies have attempted to assess children’s PA levels utilizing
pedometers and accelerometers, comparatively little attention is paid to the reliability of using such
motion sensors in exergaming settings. To the best of our knowledge, there has been no work on
proving reliability of using these motion sensors to measure children’s PA levels during exergaming.
Without the evidence of ﬁdelity on these measures, it is difﬁcult to draw conclusions regarding the
effectiveness of exergames-based PA interventions. We believe objectively and accurately quantifying
the amount of PA in exergaming is important because it will help us better understand the effectiveness
of exergames on children’s behavior and health outcomes. Therefore, the purpose of this study was to
examine the reliability of using two popular PA monitors (NL-1000 pedometer and ActiGraph GT3X
accelerometer) in assessing healthy elementary school children’s PA levels during exergaming.
2. Materials and Methods
2.1. Participants and Research Setting
A total of 377 (190 girls, 187 boys) ﬁrst through fourth grade children (aged 6–11 years, Mage = 8.39,
SD = 1.55) enrolled in a suburban Title I elementary school in West region of the United States.
Participants attended two structured PA programs for 150 min every week (30 min × 5 school days).
The two PA programs consisted of three 30-min physical education (PE) and two 30-min exergaming
classes in the ﬁrst week (i.e., children went to PE classes on Monday, Wednesday, Friday, and attended
exergaming classes on Tuesday and Thursday). In the second week, students played 30-min exergames
on Monday, Wednesday, and Friday, and participated in 30-min PE classes on Tuesday and Thursday.
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The third and fourth week repeated the process of the ﬁrst two weeks. That is, students were offered
equal numbers of PE and exergaming classes every month. This PA pattern was employed throughout
the duration of the 18 weeks at school. Children from 20 classes attended the programs with class as the
unit. The class size ranged from 17 to 22. The speciﬁc inclusion criteria for this study were (1) children
were ﬁrst through fourth grade and aged 6–11 years, (2) without a diagnosed physical or mental
disability according to school records, and (3) with parental consent and child assent. Participants in
this population were selected because this age range is a critical period for children to develop and
maintain a physically active lifestyle.
In this study, children’s PA behaviors only during exergaming were included to determine the
reliability of motion sensors in assessing PA. Twelve exergaming stations were set up in a classroom,
each station was equipped with eight different Wii exergames including, but not limited to: Wii Fit,
Wii Cardio Workout, Just Dance, and Wii Sports. The children were instructed to learn how to
play these games prior to the testing (e.g., imitate the movement projected by on-screen avatars).
The selected exergames are school-age appropriate that require a variety of body movements such
as jumping, kicking, punching, and ducking. A trained teacher supervised the children during
exergaming. Each station accommodated up to two children to play, and children rotated from one
station to another station and every 8–10 min allowing for a short duration transition. As such,
all children in one class had the opportunity to play exergaming simultaneously, and were also able
to play different exergames during the program. Prior to initiating data collection, The University
Institutional Review Board approved the study protocol and informed consent forms were obtained
from guardians and children.
2.2. Instruments
The NL-1000 pedometer. The NL-1000 (New Lifestyles Inc., Lee’s Summit, MO, USA) is an
advanced waist-worn pedometer that uses a piezoelectric sensor to quantify daily step counts,
track the intensity of each step and displaying intensity as MVPA time accumulation [19]. The data of
steps and MVPA time can be read directly from the screen, meaning that no downloading or cleaning
of data is required. The NL-1000 has been shown to accurately detect steps taken in both laboratory
and free-living settings for children [23,24]. In this study, the pedometer data were captured during
monitoring period, and steps per min (step counts/30 min) were calculated as the outcome variable.
ActiGraph GT3X accelerometer. The ActiGraph GT3X (ActiGraph Co., Pensacola, FL, USA) is
a compact (3.8 × 3.7 × 1.8 cm), lightweight (27 g) and rechargeable accelerometer, which uses a
solid-state tri-axial accelerometer to collect motion data on three axes for the highest levels of analytic
capabilities available [25]. The ActiGraph GT3X measures and records time-varying accelerations
ranging in magnitude from 0.05 to 2.5 G’s. The output is digitized by a 12-bit analog to digital
convertor (ADC) at a rate of 30 Hz [25]. The signal passes through a digital ﬁlter that band-limits the
accelerometer to the frequency range of 0.25–2.5 Hz once digitized [21]. Most recently, researchers
have demonstrated acceptable validity and reliability of ActiGraph GT3X when using with children
in school and free-living conditions [26,27]. Given a short-duration PA (30 min) of each class and
the aims of this study, activity count was set at 1 s epoch length. That is, in-class PA levels were
quantiﬁed as average activity counts per second (30 Hertz) for the intensities of the activities. PA levels
were classiﬁed into sedentary, light, moderate, and vigorous categories according to the cut-points
set by Evenson and colleagues [28]. The following cut points were applied to deﬁne different PA
levels (sedentary: 0 to 100; light PA: 101 to 2295; and MVPA: 2296 and above). In the present study,
children’s time spent in sedentary, light PA, and MVPA were used as the outcome variables to classify
PA intensities.
2.3. Procedures
Graduate research assistants were recruited from the University and were trained to assist the
program supervisor of the study. Prior to data collection, the research assistants explained the purpose
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of the study to the participants, including activity sequence and instruction on how to appropriately
wear motion sensors. At the start of practice, all children were assigned an identiﬁcation number
that matched up with the number on their pedometers and accelerometers. Each child then was
asked to equip a pedometer and an accelerometer that were tied around the waist by an elastic belt
and worn on the right side of hip. Although all children in this study had previous experience
wearing pedometers and accelerometers in the exergaming program, the research team still assisted
the students to make sure all the motion sensors were attached correctly. As such, the reactivity
effect was minimized. For each participant, the time was recorded for placement and removal of the
pedometers and accelerometers by the program supervisor. The pedometers and accelerometers were
collected at the end of the class. Speciﬁcally, upon completion of the exergaming session, children took
off the belts and reported their step counts pedometer data to the program supervisor and research
assistants. In the meantime, accelerometers were retrieved and data were downloaded into ActiLife
6.0 (Actigraph Corps., Pensacola, FL, USA) for data sorting and processing. Data from accelerometers
were truncated and matched to the initial time frames when PA occurred for each participant. Finally,
all the data were imported into a SPSS data ﬁle for descriptive statistical analyses.
2.4. Data Reduction and Analyses
A total of 377 participants took part in the 18-week exergaming program. Due to holidays and
other cancellations of class, children actually completed 27 days exergaming session. Among these
sessions, day 7, day 11, day 15, day 16, day 22, and day 23 were excluded since they had less than
300 trails. In addition, 188 trails were excluded due to default listwise deletion function of intraclass
correlation coefﬁcient (ICC). As a consequence, each participant received 21 repeated assessments.
Data were analyzed as follows: First, descriptive statistics for the outcome variables (i.e., standard
deviations and means of steps/min, time spent in sedentary, light PA, and MVPA) were performed to
describe the data characteristics. Second, the test-retest reliability for outcome variable was estimated
using ICC with 95% conﬁdence interval. A two-way mixed effects model was chosen for type
of model. Consistency type was selected for the type of index, and single measures were reported.
Reliability coefﬁcients were categorized with values less than 0.4 considered poor; 0.41 to 0.6, moderate;
0.61 to 0.8, substantial; and greater than 0.8, excellent reliability [29]. Third, Pearson correlation was
computed to estimate the linear relationship between accelerometer (i.e., time engaged in MVPA) and
pedometer measurements (i.e., steps per min). Finally, given the present study involved a hierarchically
structured data set where the measurements were nested within individual, data were analyzed
using Hierarchical Linear Modeling (HLM) [30]. HLM is a ﬂexible approach that can be applied
to evaluate inter-individual differences in intra-individual changes over time [31]. That is, HLM
separates inter-individual variance from intra-individual so that each participant has his/her own
curve. In addition, HLM accounts for the shared variance by multiple observations within the same
participant and extends multiple regression to nested or repeated-measures data [32]. Since there were
several observations of each person, waves of data were nested within a person. In this study,
measurements were nested within students and students were further nested within classes, so three
levels were applied to the ﬁnal analysis. The Level 3 experimental unit was class; the level 2 was
student; and the Level 1 was measurement with time spent in MVPA and steps per min as the
outcome variables. The ICC and Pearson correlation analyses were performed via the SPSS 20.0
version, and the HLM was conducted using HLM 7.0 software (Scientiﬁc Software International Inc.,
Lincolnwood, IL, USA) for the statistical modeling of thee-level data structures. The alpha level for the
present study was set at 0.05.
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3. Results
3.1. Descriptive Analysis
Descriptive results are presented in Table 1. In general, children displayed roughly similar levels
of steps per min across all testing days. Additionally, children’s time spent in sedentary, Light PA
and MVPA were also quite similar and relatively stable for each repeated measure. Approximately
15 to 20 min valid wearing time were captured by the accelerometers during each 30-min exergaming
session. More speciﬁcally, the mean steps per min ranged from 23 to 49. Children spent around 9 to
11 min in sedentary, 3 to 6 min in light PA and only accumulated 3 to 4 min of MVPA. In particular,
although the last three days had the highest scores of steps per min, students did not show a higher
level of time engaged in MVPA.
Table 1. Descriptive statistics for all outcome variables.

Variable
Day 1
Day 2
Day 3
Day 4
Day 5
Day 6
Day 7
Day 8
Day 9
Day 10
Day 11
Day 12
Day 13
Day 14
Day 15
Day 16
Day 17
Day 18
Day 19
Day 20
Day 21

Steps per Min

Sedentary (Min)

Light PA (Min)

MVPA (Min)

Mean

SD

Mean

SD

Mean

SD

Mean

SD

23.22
36.65
38.40
38.40
42.26
42.24
38.64
40.28
37.57
39.41
40.85
39.19
38.75
37.85
40.29
40.34
36.12
41.60
49.06
47.52
47.50

15.32
26.25
25.21
27.04
25.24
26.22
23.13
25.74
24.88
27.13
25.28
24.37
23.35
23.01
24.17
25.48
20.82
24.58
29.94
27.80
30.26

9.69
9.01
10.39
9.61
8.95
9.59
9.61
10.08
9.98
10.77
10.56
10.47
10.73
10.40
10.89
10.93
11.34
9.94
9.64
9.26
9.10

3.61
3.92
4.3
4.23
3.70
4.45
4.53
4.69
4.56
4.12
4.46
4.37
4.33
3.56
3.95
4.02
4.313
4.17
4.42
3.90
3.96

3.35
3.73
4.26
4.64
4.70
5.18
5.23
5.44
5.22
5.33
5.46
5.23
5.28
5.40
5.46
5.95
5.41
5.68
6.10
5.60
5.64

1.72
2.20
2.45
2.59
2.55
2.26
2.36
2.37
2.56
2.66
2.45
2.67
2.60
2.26
2.50
2.66
2.58
2.81
3.04
1.94
2.96

2.39
3.37
3.31
3.38
3.73
3.95
3.70
3.71
3.69
3.44
3.25
3.32
3.39
3.20
3.19
3.46
3.15
3.48
3.87
3.50
3.69

2.09
3.21
2.90
2.67
2.94
2.71
2.67
2.53
2.46
2.54
2.49
2.53
2.81
2.16
2.41
2.51
2.14
2.59
2.78
2.13
2.67

SD = standard deviation; Sedentary = time spent in sedentary; Light PA = time spent in light physical activity;
MVPA = time spent in moderate to vigorous physical activity.

3.2. Intraclass Correlation Coefﬁcient and Pearson Correlation
The result of ANOVA from ICC demonstrated that there were no differences among trials for
accelerometer measurements, F (12, 185) = 0.916, p = 0.53, indicating that no learning or fatigue effect
was detected (Table 2). In addition, ICC for accelerometer assessments showed single measures
was 0.033 with a 95% conﬁdence interval from 0.014–0.059, which was considered a low degree of
reliability. Furthermore, ANOVA analysis for pedometer assessments did detect a possible learning
effect during the 21 classes, F (26, 97) = 3.315, p < 0.01, but a low degree of reliability was also found
between pedometer measurements from ICC, the single measures was 0.199 with a 95% conﬁdence
interval from 0.153–0.260. The result of Pearson correlation indicated that there was no signiﬁcant
relationship between time spent in MVPA determined by accelerometers and steps per min determined
by pedometers (r = 0.027, p = 0.597).
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Table 2. Intraclass correlation coefﬁcient (ICC) for accelerometer and pedometer assessments.

IC

F Test with True Value 0

95% CI
LB

UB

Value

df1

df2

Sig.

GT3X

Single
Average

0.033 a
0.310 c

0.014
0.155

0.059
0.448

1.450
1.450

185
185

2220
2220

0.000
0.000

NL-1000

Single
Average

0.199 a
0.870 c

0.153
0.830

0.260
0.904

7.692
7.692

97
97

2522
2522

0.000
0.000

GT3X = ActiGraph GT3X accelerometer; NL-1000 = NL-1000 pedometer; Single = single measures; Average =
average measures; IC = Intraclass correlation; 95% CI = 95% conﬁdence interval; LB = lower bound; UB = upper
bound. a The estimator is the same here, whether the interaction effect is present or not; c This estimate is computed
assuming the interaction effect is absent, because it is not estimable otherwise.

3.3. Hierarchical Linear Modeling
In order to further explore the relationship between pedometer and accelerometer assessments by
controlling the student background and aforementioned possible learning effect, HLM was employed.
We developed the (1) null model, which did not use any predictors to gauge to what extent that
a second and third level model could contribute to explain the variance of the outcome variable;
(2) control model, which added background variables of students to the null model; and (3) full model,
which added the major predictor to the control model. The full model is developed as following:
Level-1 Model:
MVPAmti = ψ0ti + ψ1ti*(DAYmti) + ψ2ti*(TIMEmti) + ψ3ti*(SPMmti) + εmti

(1)

At level 1 (measurement level), outcome variable was the total MVPA divided by time, control
variable “day” represents the “learning effect”, “time” refers to “how long the measurement process
took”. The predictor variable, steps per min (SPM), is the pedometer steps divided by time. ψ0ti and
εmti represented the initial status of student t in class i and a random effect, respectively.
Level-2 Model:
ψ0ti = π00i + π01i*(SEXti) + π02i*(AGEti) + π03i*(RACE1ti) + e0ti

(2)

Level-3 Model:
π00i = β000 + r00i

(3)

Level 3 (classroom level) was added to account for the possible variability among classes, where
β000 was the grand mean score of all classes, and r00i was the random effect of classes. As a result,
steps per min were found to have a signiﬁcant, positive relationship with MVPA (Table 3). However,
only 1.3% more variance at level 1 was explained by adding the steps per min into the full model,
which means that the signiﬁcant association was weak as demonstrated by small proportions of
variance explained. Therefore, the results of the HLM implicitly took nesting into account and
included more controls in the models, which did not contradict the ICCs results. In other words,
the measurement provided by pedometer was not reliable when we assessed students’ MVPA, as a
low degree of reliability was also seen in pedometer outputs.
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Table 3. Hierarchical linear modeling (HLM) for moderate to vigorous physical activity with
three-level modeling.
Fixed Effect

Coefﬁcient

Standard Error

t-Ratio

Approx. d.f.

p Value

For INTRCPT1, ψ0
For INTRCPT2, π 00

-

-

-

-

-

INTRCPT3, β000
For SEX, π 01

0.072128

0.030573

2.359

19

0.029

INTRCPT3, β010
For AGE, π 02

−0.000908

0.011431

−0.079

343

0.937

INTRCPT3, β020
For RACE1, π 03

−0.006521

0.003386

−1.926

343

0.055

INTRCPT3, β030
For DAY slope, ψ1
For INTRCPT2, π 10

0.032761

0.008744

3.747

343

<0.001

INTRCPT3, β100
For TIME slope, ψ2
For INTRCPT2, π 20

−0.002019

0.000476

−4.24

5625

<0.001

INTRCPT3, β200
For SPM slope, ψ3
For INTRCPT2, π 30

0.004824

0.001595

3.024

5625

0.003

INTRCPT3, β300

0.001793

0.000145

12.38

5625

<0.001

SPM = steps per min.

4. Discussion
The manufacturer of the motion sensors now offers various instruments for analyzing movement
data, but their trustworthiness in exergaming settings has not been documented in the literature.
Therefore, this study was designed to provide reliability evidence for two popular motion sensors
(NL-1000 pedometer and ActiGraph GT3X accelerometer) that are used as practical and objective PA
measurement tools in exergaming settings. Based upon the descriptive analysis, children actually spent
most time in sedentary behavior as compared to LPA and MVPA while playing exergames. Although
each exergaming session had 30 min, only half to two-third PA time were captured by accelerometers.
The results of ICCs showed the estimates of PA levels were inconsistent among children as the ICCs
were far from ideal, indicating low reliability of two monitors in measuring elementary school children’
regular PA levels during exergaming play.
While the ﬁndings are unexpected and not accordance with most previous studies indicating
these motion-sensors are reliable instruments in assessing children’s PA behaviors in other setting,
we identiﬁed plausible reason for such discrepancies. In the present study, participants were elementary
school children and they were equipped with two motion sensors simultaneously while playing
exergames. That is, the inconsistency of instruments placement may lead to data loss (about one-third
of PA time missed) and unreliability of motion sensors in capturing movement data in exergaming.
Unlike traditional physical education class where contents are consistently delivered by the
instructors, the exergaming activities were carried out by multiple random games. Within a single
game console, different games with respective difﬁcult levels can provide varying EE. In our study,
students were offered with eight different Nintendo Wii exergames and every student played different
types of exergames, thus variability of EE across types of games tended to be large. For example,
the “Just Dance” allowed players to perform more than 20 songs consecutively with several difﬁculty
levels depending on how well the player was dancing. Such arrangement resulted in students being
exposed to various conditions. Therefore, different types of exergames and game sequence effects
might be potential confounding factors on reliability of measurements in exergaming. In addition,
children rotated from stations to stations in the present study. That is, when a participant arrived at
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next station, he or she had to set up a different game to meet his or her interests and needs. In that
case, the exergaming was not implemented in a continuous way and children were not really being
physically active during these transitions. To this sense, the transition time may lead to inaccurate data
because each child would have unequal PA intensities and time of game playing.
The correlation analysis suggested no signiﬁcant positive relationship between accelerometers
and pedometers measures. Furthermore, the HLM analysis further conﬁrmed low reliability of two
monitors, which was not contradictory with the ICCs results as very little shared variance could be
explained by pedometers and accelerometers. Previous studies using similar activity monitors have
shown agreement in measuring PA levels among children and youth [33,34]. These empirical studies
utilized different epoch lengths (5 s and 30 s) and cut points to determine sedentary, light PA and
MVPA thresholds in either school-based physical education or free-living settings. Although several
validated MVPA epoch lengths have been proposed for use in children, the impact of accelerometer
epoch length on PA measures remains a contentious issue, particularly with regard to application in
school children. For example, researchers suggested that the 15 s epoch length for accelerometers
captured more MVPA and sedentary time yet fewer steps and less light PA and total PA were tracked
compared to 60 s epoch length [35]. Appukutty and colleagues [36] indicated that the MVPA time
were signiﬁcantly higher with 10 s epoch than 60 s epoch in children. In general, children’s PA patterns
tend to be varied and intermittent for differing activities and intensities. The use of shorter epochs
would produce higher and more accurate estimates of MVPA time compared to longer epochs [37].
McClain and colleagues [34] further demonstrated that 5 s epoch length in ActiGraph accelerometer
yielded the lowest root mean squared error in assessing MVPA, indicating shorter epochs would
yield more PA amount. Because of this, children’s PA may be better captured with shorter epochs.
In this study, we used 1s epoch length to make sure we accurately captured children’s PA as much as
possible. Nevertheless, we still believe that different epoch length thresholds would explain part of the
differences between our ﬁndings and previous studies.
Furthermore, it has been noted that different equation should be used when using accelerometers
to children with chronic diseases such as congenital heart disease (CHD), cystic ﬁbrosis (CF),
dermatomyositis (JDM), juvenile arthritis (JA), inherited muscle disease (IMD), and hemophilia
(HE) [38]. For example, Stephen et al. [38] found that agreement between predicted and measured
energy expenditure (EE) varied across disease group and ranged from (ICC) 0.13–0.46. With the
prediction equation speciﬁc to the disease group was presented, an improved range of results
(ICC 0.62–0.88) (SE 0.45–0.78) was shown. The researchers concluded that current prediction should be
replaced with disease-speciﬁc equation in children with chronic conditions as the current equation
demonstrate poor agreement. In terms of testing reliability and validity of pedometers in clinical
population, it has been reported that pedometers (Yamax SW digi-walker, New Lifestyles NL-2000)
are useful for tracking ambulatory movement in the population [39]. For example, in their study with
youth with cerebral palsy, NL-1000 pedometer demonstrated an excellent reliability (ICC 0.88–0.99)
and validity (ICC 0.78–0.95) with no signiﬁcant difference between the video step counts and
pedometer step counts in walking and running in controlled setting. When using pedometers, however,
in population with disabilities, the 3% error cutoff for accuracy may not be realistic for population
with disabilities [40].
Finally, it is known that both waist-mounted accelerometers and pedometers have lower accuracy
when one’s PA level is at slow speeds [41,42]. For instance, McClain et al. [43] found agreement
between NL-1000 and ActiGraph accelerometers estimates of free-living MVPA in 10-year old children,
but large differences were also found at other settings, especially when children experienced a low PA
intensity. Similarly, although Kinnunen et al. [44] found statistically signiﬁcant correlations, the overall
agreement between pedometer and accelerometer step counts was poor and varied with PA levels.
The strength of this study lies in that it is the ﬁrst of its kind to assess the reliability of two
motion sensors in measuring children’s PA levels in exergaming settings. However, there are several
limitations that should be noted. While multiple sessions of two objective motion sensors were
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used to explore their reliability, they were not compared to the gold standard measures of energy
expenditure. Therefore, a rigorous design and better statistical analyses will be necessary in the future
research. In fact, exergaming has several limitations when being considered a PA option. One such
limitation is the limited time children spent in being moderately or even vigorously active. Exergaming
oftentimes requires the players short bursts of exertion followed by considerable breaks between
activities, which may lead to children not very active to the MVPA level. Although there were various
difﬁculty levels available for children in exergames such as beginner, intermediate, and advanced
levels, it is implausible to let each child play the advanced level games for every time, because games
were selected randomly and varied according to how well the child performed. If children played the
same games, they would lose interest in exergaming and the enjoyment of exercise would decrease
over time. Therefore, the low speed and random nature of exergaming may result in accelerometers
and pedometers having lower reliability in measuring children’s PA levels.
5. Conclusions
In summary, the primary ﬁnding of the study was that the NL-1000 pedometers and ActiGraph
GT3X accelerometers have low reliability in assessing elementary school children’s PA levels during
exergaming. More research is warranted in determining the reliable and accurate measurement
information regarding the use of modern devices during exergaming. Although the current study does
not provide promising reliability evidence for the use of NL-1000 pedometers and ActiGraph GT3X
accelerometers in assessing PA in exergaming settings, the ﬁndings may render some implications
for future exergaming research. First, the same exergaming activities should be employed when
motion sensors are used to eliminate the variability caused by different games. Second, researchers
should minimize the transition time by increasing the time of game playing to make sure children
stay physically active pattern most of the time. Third, placing the monitor on ankles or using heart
rate monitors may be more appropriate in assessing children’s PA during exergames play. Finally,
researchers should ensure the consistency of the device placement during measurement. When using
these motion sensors in clinical population whom might be using exergaming as a therapeutic means,
more factors need to be taken into considerations such as type of disease, presence of disabilities,
and utilizing disease-speciﬁc prediction equation.
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Abstract: This study investigated associations of perceived environmental factors with leisure-time
physical activity (LTPA) and screen time (ST) among older adults. A cross-sectional study was
conducted by administering computer-assisted telephone interviews to 1028 older Taiwanese adults
in November 2016. Data on personal factors, perceived environmental factors, LTPA, and ST
were included. Odds ratios (ORs) and 95% conﬁdence intervals (CIs) were calculated to examine
associations of environmental perception with LTPA and ST by using logistic regression analyses.
The results showed that after adjusting for potential confounders, older adults who perceived their
neighborhood with good access to shops (AS) and to public transportation (AT) were more likely
to have sufﬁcient LTPA (AS: OR = 1.64, 95% CI: 1.16–2.32; AT: OR = 1.43; 95% CI, 1.00–2.03) and
less likely to have excessive ST (AS: OR = 0.70; 95% CI: 0.50–0.97; AT: OR = 0.64; 95% CI: 0.46–0.90).
Different perceived environmental factors were also associated with LTPA and ST, respectively.
This study highlights environment perception as a crucial factor for LTPA and ST. These ﬁndings
suggest that policy makers and physical activity intervention designers should develop both common
and individual environmental strategies to improve and increase awareness of the neighborhood
environment to promote LTPA and reduce ST among older adults.
Keywords: senior citizens; perceived environmental factor; recreational physical activity; screen
based sedentary behavior

1. Introduction
Sufﬁcient physical activity is associated with better physical and psychological health outcomes,
and reduced risks of non-communicable diseases and all-cause mortality in older adults [1]. Studies
have shown that participation in leisure-time physical activity offers an opportunity to reduce the
prevalence of morbidity in later life and offset a potential burden of aging on the public health
sector [2]. Despite the known health beneﬁts associated with participation in the recommended
amount of leisure-time physical activity (150 min/week), nearly 40% of older Taiwanese remain
inactive [3].
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In terms of utilizing an ecological approach in designing effective interventions and relevant
policies, it is important to understand how environmental attributes correlate with health behavior [4].
Compared with individually based interventions, environmental changes are supposed to provide
a long-term impact and on behavior of the larger population. In the last decade, many studies have
shown perceived neighborhood environmental factors to be associated with total physical activity
in older adults [5,6]. However, leisure-time physical activity is particularly relevant as older adult
tend to have signiﬁcantly more leisure time available in later life [2]. Nevertheless, most existing
evidence concerning associations between perceived neighborhood environment and physical activity
measurement was commonly accrued across all domains, and few studies targeted leisure-time
physical activity in older adults [5,6]. It is important to understand how perceived environmental
facilitation or impediments associated with the neighborhood leisure-time behaviors of older adults
can vary in different contexts. Moreover, few studies have examined the perceived environmental
correlates of leisure-time physical activity, particularly in Asian countries, which likely have different
residential densities, cultures, and infrastructure than Western countries. Thus, more evidence from
Asian countries’ older adults, especially in Taiwan, is beneﬁcial for understanding how perceived
neighborhood environmental factors relate to leisure-time physical activity and may provide insights
for public health intervention.
In recent years, time spent in sedentary behavior has become a new risk factor for health [7].
Previous studies have shown evidence that sedentary behavior is related to an increased risk of
all-cause mortality and other negative health outcomes in older adults [8]. Considering screen-based
sedentary time, such as television viewing, internet and computer use are increasingly common
leisure-time sedentary behaviors in older adults [9], which has the potential to negatively impact
health, independent of other sedentary behaviors (e.g.,: reading, talking and transport) [10,11]. With
the rapidly aging population and the high prevalence of screen time in the older age group, in Taiwan,
almost 64.4% of older adult report spending excessive screen time (including television viewing time
and computer use) [10].
Owen et al. [12] has emphasized that neighborhood environmental attributes may also play a
role in sedentary behaviors in older adults, particularly screen-based behavior. For example, previous
studies have found that older adults who reported positive perceptions of their neighborhoods in terms
of local trafﬁc safety [3,13], access to facilities, safety from crime, and walking facilities [14] had less
television viewing time. However, previous studies concerning the associations between neighborhood
environments and screen time were mostly conducted on adolescents [15], youth [16], and adult
populations [17]. It is not clear whether the relationships of neighborhood environments and screen
time are different in the older age group. Additionally, despite the fact that screen-based sedentary
behavior including television time, computer or internet use may vary [12], there have been limitations
in studies to date that have examined these relationships on perception of environmental factors and
screen time (combined television time, computer and internet use) in older adults. Moreover, although
there has been some research examining the role of neighborhood environmental factors in relation
to leisure-time physical activity and screen time, very few studies have concurrently considered
factors associated with older adult in an Asian country, despite the fact that such investigations could
potentially provide more practical and policy-related information. Consequently, to address these
gaps, the purpose of this study was to adopt an ecological framework to examine the associations of
perceived environmental perception with leisure-time physical activity and screen time in Taiwanese
older adults. This study tested the hypothesis that good perceived neighborhood environment would
be associated with high levels of leisure-time physical activity and low levels of screen time.
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2. Material and Methods
2.1. Participants
This study used data collected by administering a random-digit dialing, telephone-based,
cross-sectional survey in 2016 through a telephone research service company. In November 2016,
Taiwan was estimated to have an older adult population of 3,089,843 (target population) and an area
of 36,192.8 km2 . The required sample size for this study was calculated to be 1067 adults with a
95% conﬁdence level and a 3% conﬁdence interval. A stratiﬁed sampling process was used to select
respondents. Trained interviewers administered a standardized questionnaire. All the interviewers
had experience in administering telephone population surveys and received two days of training
before the start of each survey. A total of 3546 adults were asked to participate, and 1074 of them
completed the survey (response rate: 30.3%). However, after data cleaning, 1028 participants submitted
valid data for analysis (eligible rate: 29.0%). The telephone research service company did not offer
any rewards for participation. Verbal informed consent was obtained before the start of the telephone
interviews and the study protocols were reviewed and approved by the Research Ethics Committee of
National Taiwan Normal University (REC number: 201605HM006).
2.2. Outcome Variables
The outcome variables of this study were leisure-time physical activity and screen time. For
leisure-time physical activity, measured from the Taiwan version of the International Physical
Activity Questionnaire-long version (IPAQ-LV: https://sites.google.com/site/theipaq/questionnaire_
links) [18,19]. Participants were asked to recall the frequency and average duration of vigorous
intensity leisure-time activity, moderate intensity leisure-time activity, and walking during the last
seven days. The questions included “During the last 7 days, on how many days did you do the activities
(vigorous/moderate/walking) in your leisure time?” and “How much time did you usually spend on
one of those days doing the activities in your leisure time?” The total amount of leisure-time physical
activity was classiﬁed into two groups: “sufﬁcient leisure-time physical activity” (≥150 min/week) and
“insufﬁcient leisure-time physical activity” (<150 min/week). Sufﬁcient leisure-time physical activity
refers to at least 150 min per week. This criterion is in accordance with the current recommendations
for the practice of physical activity in older adult’s guidelines [20].
The outcome of screen time was estimated using two questions that queried participants’
self-report television watching and computer/internet use. The survey items were: “During the
last week, how much time in total did you spend sitting or lying down and watching television
or videos/DVDs.” The same question was asked with “using the computer/Internet.” The items
(television viewing time (intraclass correlation coefﬁcient, ICC) = 0.76, and using the computer/Internet
= 0.79) have been shown to have good test-retest reliability) in the Measure of Older Adults’
Sedentary Time questionnaire (MOST) [21]. Taiwanese older adults exhibited an acceptable test-retest
reliability [10]. Responses to both items were added together and dichotomized into two categories,
namely, excessive screen time (≥2 h/day) and low screen time (<2 h/day). This cutoff point (≥2 h/day)
was also reported as being associated with health risks in previous studies [22].
2.3. Perceived Environmental Variables
The perceived environmental factors were measured using the Taiwanese version of the
International Physical Activity Questionnaire-environmental module (IPAQ-E). The IPAQ-E
questionnaire was developed by the International Physical Activity Prevalence Study to understand
the environmental factors affecting walking and bicycling in neighborhoods. The IPAQ-E was
translated with the IPAQ, according to the process of translation and adaptation of instruments
provided by the World Health Organization [23]. The details of IPAQ-E are described elsewhere:
http://sallis.ucsd.edu/Documents/Measures_documents/PANES_survey.pdf [24]. The 17-item
IPAQ-E questionnaire consisted of three categories of items, which included seven core items, four
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recommended items, and six optional items. In this study, 11 of the 17 items were included for
measuring the perceived environmental attributes, including (1) residential density, (for this question,
the ﬁve options were as follows: detached single-family housing; townhouses, row houses, apartments
or condos of 2–3 stories; a mix of single-family residences and townhouses, row houses, apartments
or condos; apartments or condos of 4–12 stories; and apartments or condos of more than 12 stories),
(2) access to shops (Many shops are within walking distance of my home), (3) access to public
transportation (It is less than a 10–15 min walk to a transit station from my home), (4) presence of
sidewalks (There are sidewalks on most of the streets in my neighborhood), (5) access to recreational
facilities (My neighborhood has several free or low-cost recreation facilities), (6) crime safety at night
(The crime rate in my neighborhood makes it unsafe to go on walks at night), (7) trafﬁc safety (There is
so much trafﬁc on the streets that walking is difﬁcult or unpleasant), (8) seeing people being active (I see
many people being physically active in my neighborhood), (9) aesthetics (There are many interesting
things to look at while walking in my neighborhood), (10) connectivity of streets (There are many
four-way intersections in my neighborhood), (11) presence of a destination (There are many places
to go within easy walking distance of my home). Six optional items regarding the presence of bike
lanes, trafﬁc safety for bicyclists, maintenance of sidewalks, maintenance of bike lanes, safety from
crime during the day, and number of households owning cars or motor bikes, were not included in
this study.
All items were converted into binary items. For residential density, the choice of detached
single-family residences formed a category indicating “low residential density,” while the other
possible responses were included in another category indicating “high residential density.” With
regard to the other questions, responses were classiﬁed into two categories of “agree” (strongly agree
and somewhat agree) and “disagree” (somewhat disagree and strongly disagree). These classiﬁcations
were similar to those used in previous studies from Taiwan [3] and Japan [25].
2.4. Sociodemographic Variables
Sociodemographic variables included gender, age, occupational type, educational level, marital
status, living status, residential area, self-rated health status, and Body Mass Index (BMI). Age
was divided into three categories: 65–74 years, 75–84 years, and 85+ years. Occupational type was
categorized into “full-time job” and “not full-time job.” Educational level was classiﬁed into two groups:
“not tertiary degree” (less than 13 years) and “tertiary degree” (13 years and more). Marital status
was classiﬁed as “married” and “unmarried” (including widowed, separated, and divorced). Living
status was divided into “living with others” and “living alone.” Residential area was categorized into
“metropolitan” and “non-metropolitan” areas. Self-rated health status was categories into “good” and
“poor.” BMI was based on self-reported weight and height and was grouped into two categories: “not
overweight” (<24 kg/m2 ) and “overweight/obese” (≥24 kg/m2 ). We used 24 kg/m2 as a cut-off point
of BMI is because this cut-off point for older adults is suggested by Health Promotion Administration,
Ministry of Health and Welfare in Taiwan (http://health99.hpa.gov.tw/OnlinkHealth/Onlink_BMI.
aspx) [26].
2.5. Statistical Analyses
The data were analyzed from 1028 older Taiwanese adults who provided complete information
for the study variables. Forced-entry adjusted logistic regression for gender, age, occupational type,
educational level, marital status, living status, residential area, self-rated health status, and BMI
was conducted to examine the association of 11 perceived environmental factors for leisure-time
physical activity and screen time. Adjusted Odds ratios (ORs) and 95% conﬁdence intervals (CIs) were
calculated for each variable. Inferential statistics were obtained using SPSS (version 23.0, IMB, CITY,
STATE, COUNTRY) and the level of signiﬁcance was set at p < 0.05.
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3. Results
3.1. Participant Characteristics
The basic information of the respondents is shown in Table 1. Of the total respondents, 49.1%
were female, 33.9% were ≥75 years old, 71.2% had a non-tertiary degree, 89.8% were in a non-full-time
job, 23.0% were unmarried, 13.7% were living alone, 50.7% lived in a non-metropolitan area, 19.0%
had poor self-rated health status, and 41.6% were overweight or obese. The prevalence of achieving
150 min/week for leisure-time physical activity was 66.3%, and 60.2% exceeded 120 min/day of
screen time.
Table 1. Basic characteristics of all respondents (n = 1028).

Variable

Category

Study Sample
n

%

Gender

Male
Female

523
505

50.9%
49.1%

Age

65–74
≥75

679
349

66.1%
33.9%

Educational

Tertiary degree
Non-tertiary degree

296
732

28.8%
71.2%

Occupational type

Full-time job
Non-full-time job

105
923

10.2%
89.8%

Marital status

Married
Unmarried

792
236

77.0%
23.0%

Living status

With others
Alone

887
141

86.3%
13.7%

Residential area

Metropolitan
Non-metropolitan

507
521

49.3%
50.7%

Self-rated health status

Good
Poor

833
195

81.0%
19.0%

Body Mass Index
(kg/m2)

Non-overweight
Overweight/obese

600
428

58.4%
41.6%

LTPA

Insufﬁcient (<150 min/week)
Sufﬁcient (≥150 min/week)

346
682

33.7%
66.3%

ST

Low (<2 h/day)
Excessive (≥2 h/day)

409
619

39.8%
60.2%

Abbreviations: LTPA = leisure-time physical activity; ST = screen-time.

3.2. Perceived Environmental Factors Associated with Leisure-Time Physical Activity
In Table 2, logistic regression analyses revealed that six of the 11 environmental attributes were
signiﬁcantly associated with 150 min/week for leisure-time physical activity. After adjusting for
potential confounders, older adults who perceived that they had good access to shops (OR = 1.64;
95% CI: 1.16–2.32), good access to public transportation (OR = 1.43; 95% CI: 1.00–2.03), good access to
recreational facilities (OR = 1.73; 95% CI: 1.26–2.37), seeing people being active (OR = 1.47; 95% CI:
1.10–1.93), good aesthetics (OR = 1.33; 95% CI: 1.01–1.75), and presence of a destination (OR = 1.92;
95% CI: 1.42–2.59) were more likely to achieve 150 min/week for leisure-time physical activity.
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Table 2. Perceived Environmental Factors Associated with LTPA and ST.
Category

Variable

Total Sample

Sufﬁcient LTPA

Excessive ST

n

%

OR (95%CI)

OR (95%CI)

High
Low

937
95

90.8%
9.2%

0.88 (0.53–1.42)
1.00

0.67 (0.44–1.04)
1.00

Access to shops

Good
Poor

838
194

81.2%
18.8%

1.64 (1.16–2.32) *
1.00

0.70 (0.50–0.97) *
1.00

Access to public
transportation

Good
Poor

836
196

81.0%
19.0%

1.43 (1.00–2.03) *
1.00

0.64 (0.46–0.90) *
1.00

Presence of
sidewalks

Yes
No

618
414

59.9%
40.1%

1.30 (0.98–1.73)
1.00

0.99 (0.76–1.30)
1.00

Access to
recreational facilities

Yes
No

794
238

76.9%
23.1%

1.73 (1.26–2.37) **
1.00

0.77 (0.57–1.04)
1.00

Crime safety at night

Not safe
Safe

174
858

16.9%
83.1%

1.17 (0.82–1.67)
1.00

0.87 (0.62–1.21)
1.00

Trafﬁc safety

Not safe
Safe

345
687

33.4%
66.6%

0.89 (0.66–1.18)
1.00

0.99 (0.75–1.29)
1.00

Seeing people being
active

Yes
No

677
355

65.6%
34.4%

1.47 (1.10–1.93) *
1.00

0.82 (0.63–1.07)
1.00

Aesthetics

Yes
No

562
470

54.5%
45.5%

1.33 (1.01–1.75) *
1.00

0.79 (0.61–1.02)
1.00

Connectivity of
streets

Good
Poor

671
361

65%
35%

1.29 (0.97–1.71)
1.00

0.60 (0.46–0.78) **
1.00

Presence of
destination

Yes
No

726
306

70.3%
29.7%

1.92 (1.42–2.59) **
1.00

0.81 (0.61–1.07)
1.00

Residential density

a

a

residential density deﬁnition: single-family housing as “low residential density”; townhouses, row houses,
apartments or condos of 2–3 stories; a mix of single-family residences and townhouses, row houses, apartments or
condos; apartments or condos of 4–12 stories; and apartments or condos of more than 12 stories as “high residential
density,”. Adjusted for gender, age, occupational type, educational level, marital status, living status, residential
area, self-rated health status, and Body Mass Index (BMI); * p < 0.05, ** p < 0.001. LTPA = leisure-time physical
activity; ST = screen-time.

3.3. Perceived Environmental Factors Associated with Screen Time
Table 2 also shows that three of the 11 environmental attributes were signiﬁcantly associated with
120 min/day for screen time behavior. Older adults who perceived that they had good access to shops
(OR = 0.70; 95% CI: 0.50–0.97), good access to public transportation (OR = 0.64; 95% CI: 0.46–0.90), and
good connectivity of streets (OR = 0.60; 95% CI: 0.46–0.78) were less likely to have a screen time of
more than 120 min/day.
4. Discussion
The present study is the one of the few sources of evidence from an Asian country to have
concurrently examined the associations of perceived environmental factors with both leisure-time
physical activity and screen time among Taiwanese older adults. The main ﬁndings of the present study
are that two common perceived environmental factors, good access to shops and good access to public
transportation, are both related to sufﬁcient levels of leisure-time physical activity (≥150 min/week)
and lower screen time (<2 h/day). Environmental and government policy initiatives aiming to
improve “active aging” should promote older adults’ awareness of good access to shops and public
transportation in the neighborhood.
Our ﬁnding shows that good access to shops and good access to public transportation were
concurrently associated with high levels of leisure-time physical activity and lower screen time in
Taiwanese older adult. The present results were inconsistent with previous ﬁndings from other
countries, which have reported that in older adults, perceiving good access to shops and to public
transportation were not associated with leisure-time walking and moderate-to-Vigorous physical
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activity (MVPA) [27,28] as well as positive associations with screen time [29]. One possibility is that, as
Ding et al. [30] and Rhodes et al. [31] discussed in a previous report, associations between perceived
environmental attributes and both physical activity and sedentary behavior tended to differ by country.
For example, Taiwanese older adults aged 65 have considerable free or low-cost public transportation
services in Taiwanese neighborhoods, such as public light buses, and this policy might encourage
older adults to utilize public transport to do more recreational activity. Another possible speculation
for these results could be that public transport stops and shops/commercial destinations were strong
correlates of activity travel in older adults [32]; thus, positive perceptions of these environmental
attributes might inﬂuence older adults to partially replace their screen behaviors at home with more
outdoor activity. Therefore, this suggests that accessible public transportation and neighborhood
shopping are two important environmental attributes that are likely to facilitate leisure-time physical
activity and less screen time, particularly in Taiwanese older adults.
Different perceived environmental factors were also associated with leisure-time physical activity.
The factors concerning access to recreational facilities, seeing people being active, neighborhood
aesthetics, and presence of a destination were related to higher leisure-time physical activity. This
supports ﬁndings from studies conducted in older adults that differed between western and Asian
countries [27,33,34]. This means that the association between these environment characteristics and
leisure-time physical activity might be stronger in this population Therefore, these environment
characteristics could be enabling older adult to go outside, which might be an important strategy to
increase older adults’ leisure-time physical activity.
There are generally consistent ﬁndings that built environment factors of street connectivity
positively related to physical activity [6]. The relationships are less clear for sedentary behavior.
The present study found that in older adults, reporting good connectivity of streets was signiﬁcantly
associated with lower screen time. The present ﬁnding is inconsistent with those of a previous study
in adults from western countries [35] and older adults in Japan [29]. It is possible that street networks
might enable older adults to reach destinations directly, which might indirectly reduce how much time
older adults spend watching television or using the internet at home. Although the environmental
factor of street connectivity was not associated with leisure-time physical activity in these results, it is
important to consider that screen-based behavior and physical activity are independent behaviors
that can have quite different determinants [36]. This result may strengthen the evidence for several
perceived environmental factors associated with screen time, which is crucial for the literature because
thus there has been a limited amount of data reported from Asian countries regarding older adults.
The major strengths of this study were its large sample of Asian older adults recruited from
nationally representative settings across Taiwan, as well as its examination of a broad range of
perceived environmental characteristic correlates of leisure-time physical activity and screen time.
It was anticipated that the selected neighborhood design variables would be positively associated
with leisure-time physical activity levels, as well as being negatively associated with screen time.
Several limitations of the current analysis may have contributed to this. First, the cross-sectional
design of the study does not allow us to infer causality. Second, our focus in the current analysis was
personal perceptions of environmental characteristics. However, prior research suggests a discrepancy
between perception-based insights and actual environmental design features and amenities and
suggests that integrating objective and perceived measures may provide a more complete measure of
the environment [37]. Nevertheless, it is important to understand and consider older adults’ subjective
perceptions of environmental features, as these may inﬂuence their levels of domain-speciﬁc physical
activity and screen-based sedentary behavior. Third, the use of self-reported measures for leisure-time
physical activity and screen time could be subject to recall error and social desirability bias [21,38].
Fourth, other ecological environmental factors, such as social environment and socio-economic
status [39], as well as home environmental factors [3] were not measured, and could possibly have
affected older adult’ physical activity or screen behavior results. Finally, including segments of the
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population that did not have a household telephone (approximately 7.1% in 2015) was impossible,
thus, the data may not to obtain representative samples [40].
5. Conclusions
The aim of this study was to examine the perceived environmental correlates of leisure-time
physical activity and screen time among Taiwanese older adults. The ubiquitous presence of two
common environmental features (access to shops and access to public transportation) were concurrently
deemed to facilitate both recommendations for leisure-time physical activity and screen time and are
likely contributors to these health behaviors. However, different sets of environmental factors were
associated with high levels of leisure-time physical activity and lower screen time. This information has
obvious local and culturally-speciﬁc relevance to current Taiwanese ageing populations. The present
ﬁndings may provide critical evidence, alerting policy-makers simultaneously to physical activity
and sedentary behavior intervention designers so that, in addition to common strategies (access
to recreational facilities, seeing people being active, aesthetics, presence of a destination), different
intervention strategies should also be considered when promoting leisure-time physical activity and
reducing screen time among older adults.
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Abstract: Exergaming, or active video gaming, has become an emerging trend in fitness, education
and health sectors. It is defined as digital games that require bodily movements to play, stimulating
an active gaming experience to function as a form of physical activity (PA). Since exergaming is
becoming more popular, claims have been made on the usefulness of exergaming. It has, for example,
been entitled as being “the future of fitness” by the American College of Sports Medicine, promoting PA
and health in children and adolescents. However, research also suggests that long-term engagement in
exergaming is difficult to achieve, and there is a noticeable reservation towards exergaming by parents,
teachers and caregivers. To provide an overview and to outline the future directions of exergaming,
the aim of this review was to critically illustrate the strengths, weaknesses, opportunities and threats
of exergaming to promote PA and health in children and youth. The available evidence indicates
that exergaming has the potential to improve health via an increase in PA. However, it seems that
this potential is frequently underexploited, and further developments such as customized exergames
are needed.
Keywords: active video gaming; serious games; physical activity; physical exercise; sedentary
behavior; narrative review

1. Introduction
Across the globe, the majority of adolescents are not reaching the recommended amount of physical
activity [1], consequently impacting their physical and mental health [2–4]. Reasons for decreased
physical activity levels may be caused by various factors, including the fact that children and adolescents
spend much more time sedentary in front of the screen than in the past [5]. Because of the increased
sedentary screen time, exergaming (or active video gaming) might bear potential for making children
and adolescents more active, and thus positively affecting their health [6]. Therefore, the question
is whether exergaming can indeed positively affect sedentary behavior and health in children and
adolescents. Before discussing the effects of exergaming in children and adolescents on physical activity
and health, several general issues must be addressed.
Firstly, it is important to outline what comes under the umbrella term of exergaming. To date,
there is no universal definition of exergaming available. According to Bogost [7] exergaming has been
labeled by the media as “the combination of exercise and videogames”. Although this description has
been used by both the commercial industry and in the scientific field [8,9], it does not serve as a suitable
formal definition. This becomes apparent when adhering to the traditional definition of “exercise”,
as intentionally to improve or maintain physical fitness with a planned, repetitive, and structured
format (Caspersen et al. [10]), according to which many available exergames (for example, those
with alternative intentions than improving fitness) would be excluded [11]. To overcome this issue,
broader definitions have been used, describing exergaming as “interactive video gaming that stimulates
an active, whole-body gaming experience” [6], or according to Gao et al. [12], it “refer[s] to videogames
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that require bodily movement to play and function as a form of physical activity”. Since some exergames
do not necessarily involve whole-body movements, and considering that there is potential for the focus
to be not only on the visual but on the tactile or auditory domains in the future, we propose to combine
both definitions, and exchange videogames with digital games. Consequently, for the purpose of the
current analysis, the term exergames will refer to digital games that require bodily movements to play,
stimulating an active gaming experience to function as a form of physical activity.
Although exergames have been available since the 1980s [6], in research it has received increased
attention only in the last ten years [13]. Since then, the number of articles published related to
exergaming or active video gaming has substantially increased. Although exergaming is still in its
infancy, several reviews and meta-analyses regarding its potential usefulness to promote physical
activity and health have already been published [14,15]. The majority of these studies have been
performed within the health sector, in particular public health and rehabilitation [16]. Besides medicine,
however, other disciplines such as psychology, sport science, neuroscience or computer science are
also involving exergames in their research, showing the interdisciplinary nature of this intervention.
Exergaming is diverse. Reflecting the manifold research disciplines, exergaming is applied in many
fields of application, including prevention [17], treatment [18] and rehabilitation [19,20]. Application
also reaches a vast range of individuals, including both clinical and non-clinical populations [21].
This diversity is also exhibited in the target age groups, ranging from young children [6] to the
elderly [22]. Since children and adolescents seem particularly attracted to video games, these age groups
have been identified as a group who will have “special interests in and benefit from exergames” [23].
Consequently, besides the elderly, exergaming research has primarily focused on younger age groups.
Moreover, similarly to traditional exercise [24,25], exergames vary in quantitative and qualitative
exercise characteristics. According to Pesce [25], quantitative parameters such as duration and intensity
focus on a “medical” perspective, examining dose-response relationships. Whereas, qualitative
parameters, which are globally defined as type or mode of exercise, reflect non-physical aspects of
exercise tasks, such as cognitive or coordinative demands [25]. In exergaming an interplay of these factors
(see Figure 1) may be crucial with regard to eliciting benefits in physical, cognitive and psychosocial
target variables. In summary, exergaming may be considered as multifaceted and dependent on a variety
of factors.

Figure 1. Overview of different dimensions associated with exergaming.

The dramatic increase in interest associated with exergaming has risen due to a variety of
factors, including the technical advances which have enabled individuals to play exergames at home,
and because it bears unique strengths and opportunities, such as speciﬁcity and adaptivity. In contrast
to these positive factors, however, there is an uncertainty (e.g., from parents, teachers etc.) regarding
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the usefulness of exergaming when considering the speciﬁc weaknesses and threats associated with
use in pediatric populations. Therefore, the aim of this review was to give an overview on the
Strengths, Weaknesses, Opportunities and Threats (SWOT) associated with pediatric exergaming.
Since exergaming is a highly diverse and a rich topic (see Figure 1), we have limited this review to
include the most important dimensions for children and adolescents, basing our work on examples
relevant to this population and their physical activity and health.
2. Strengths
One of the greatest strengths of exergaming (for an overview about strengths, weaknesses,
opportunities and threats see Figure 2) is that it seems to increase the motivation and engagement
in physical activity [26,27]. This is supported by results from previous research, demonstrating that
exergaming elicits motivational gains, as well as flow, immersion and enjoyment [28,29]. The importance
of enjoyment is gaining more attention in exergaming research because it seems to be an important
variable in sustaining a higher physical activity level [23]. Moreover, a greater enjoyment within
physical activity has been found to be important for cognitive benefits, which in turn are thought to
positively influence academic achievement [30]. Although, it is currently unclear which game design
characteristics maximize motivation and enjoyment, it is assumed to be important in explaining why it
is easier to achieve a certain physical activity level when using the right exergame [31].

Figure 2. Strengths, weaknesses, opportunities and threats associated with exergaming in children
and adolescents.

Another advantage of exergaming is that it helps to reach speciﬁc populations. This might
be particularly important for children who are not meeting the recommended amount of physical
activity through traditional methods, or who spend much time playing video games. In this way,
it has been shown that exergaming bears the potential to reduce obesity [13,17]. Exergaming can
be integrated into the school curriculum, contributing to getting children active, and consequently
promoting positive effects on body mass index and ﬁtness [26,32,33]. Moreover, children with attention
deﬁcit hyperactivity disorder, for example, who spend more time playing sedentary video games than
typically developing children, might ﬁnd exergames to be a viable option to replace sedentary screen
time [34]. Therefore, due to the attraction of video games in speciﬁc populations, it is possible that
children who are more sedentary could be reached to increase physical activity, resulting in a variety
of physical and cognitive health beneﬁts [35].
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Another strength of exergaming is that it allows for individualization and adaptivity [36]. In this
way, an exergaming session may be tailored to ﬁt the needs of an individual. So, for example, important
characteristics of the child such as the ﬁtness level can be taken into account to avoid under- and
overload [37]. Moreover, not only an initial assessment, but continuous measurement and adjustment
can be completed with exergaming. An adjustment during the training by an algorithm combined
with immediate feedback to the individual has the potential to ensure that the individual always
trains at the “sweet spot”. So, for example, physical and cognitive challenge may be monitored and
adjusted, assuming that well-adjusted physically and cognitively engaging physical activities provide
more training gains [9]. Thus, not only physical but also mental beneﬁts may be enhanced, which in
turn holds relevance for promoting academic achievement [25,38,39], creating an additional beneﬁt of
exergaming [40].
Speciﬁcity is a further advantage of exergaming. In a virtual environment, there are unlimited
opportunities to create exergames for speciﬁc training purposes e.g., isolated movements may be
trained and repeated in an inﬁnite number of trials. Using such adaptations ensures that skill
development in physical education [37] or in elite sports [41] can be trained. However, currently
the most frequent implementation of speciﬁcity is in rehabilitation. The beneﬁts of speciﬁcity in
this ﬁeld is demonstrated by studies which show that exergaming improves gross motor skills of
atypically developing children [42], acting as a useful rehabilitation tool in this population (e.g., balance
control) [43]. Moreover, task-speciﬁc or outcome-speciﬁc trainings seem to be a prerequisite for positive
effects [44,45].
Another strength is the high scalability and economic feasibility of exergames. Most exergames use
commercial game consoles and can be connected to a conventional TV screen. Therefore, exergaming
can be applied almost anywhere, at any time. Since many families in developed countries have their
own TV at home, and some even a game console, this results in high scalability, and the potential for
distribution to reach many households.
In summary, exergaming has the potential to increase physical activity, and thus positively impact
physical, cognitive and psychosocial target variables [46]. Moreover, certain populations are particularly
likely to benefit from exergaming, for example, children who are inactive and not interested in traditional
exercise [23]. Thus, it can be concluded that with exergaming, increased media consumption doesn’t
necessarily have to mean reduced physical activity. Having this in mind, exergaming could provide
a useful adjunct to traditional methods of physical activity, however, there are also several potential
weaknesses associated with exergaming that should be taken into consideration.
3. Weaknesses
It could be argued that one of the greatest weaknesses of exergaming is that its potential is
frequently underexploited. When considering the aforementioned strengths, it becomes clear that
to obtain the most beneﬁcial effects, exergames have to be tailored to the target population, as well
as the target variables [36]. However, tailoring exergames is costly and takes a long time to develop,
therefore this is not often done. Although alternative factors (such as behavior change procedures)
that enhance the effects of exergames and may also be applied to commercially available games have
been proposed [47], more systematic collaborations between science and industry are needed.
The technical capabilities and resources of professional game publishers are substantial,
consequently leading to more sophisticated, entertaining and appealing exergames. These more
sophisticated exergames might be advantageous with regard to fun and enjoyment, however, there are
also drawbacks specific to commercial exergames. Besides less individuality, adaptivity and specificity
of these untailored exergames, generally it is difficult to access the data of the exergame, for example,
to control for fidelity of implementation and energy expenditure consumption [48]. This makes it difficult
to fully exploit the benefits of exergaming as a monitoring tool, for example in clinical populations or in
a school setting.
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Another technical consideration is that the gaming experience as well as the elicited energy
expenditure of exergames is highly dependent on the virtual environment as well as on the technical
capabilities, such as the sensors [47,49]. This is reﬂected in the ﬁnding that exergames involving
lower body movements elicit more energy expenditure, thus both the virtual environment and the
technical implementation is important [49]. Although there are several different sensor technologies
available, including hand-held motion sensors as well as motion capture technology, there are problems
attached to both. Hand-held motion sensors make it easy to cheat, whereby the computer believes
that the child is engaging in the physical activity when they are in fact stationary [47]. For motion
capture technology, although it seems to encourage more energy expenditure [50], it was found to be
error-prone [51]. This in turn is problematic with regard to adherence and drop-out, where technical
difﬁculties discourage the user from participation [51,52].
Besides technical issues, it seems that current exergames are not able to keep the interest of players
over longer time periods [53]. This can be explained by the reasons frequently given for dropout in
exergaming interventions, indicating that the played exergames became boring [51,52]. This points to
a lack in variety and immersion in the currently available exergames. Although dropout rates have
been found to be smaller in multiplayer modes, it seems that current exergames are not sustainable
in general. Thus, although exergaming can elicit moderate to vigorous intensities [54], other factors
increasing adherence have to be considered, and sustainable play is yet to be proven [55].
Considering that exergaming has only been developed in the last decades, there has already
been a great amount of research done so far. Nevertheless, exergaming research is limited, and there
are many issues that remain unclear. For example, it is unknown whether exergaming will replace
traditional exercises or sedentary behaviors (see threats section). This is of great importance considering
that a frequent goal of exergaming is to increase physical activity levels. Moreover, exergaming has
rarely been compared or combined with traditional exercises in children [33,56], and it is unclear
whether exergaming results in as much physical activity as traditional exercises, and also how long
potential positive effects of exergaming persist [57–59]. Since exergaming is highly diverse, and most
studies apply different games, more studies investigating the underlying mechanisms as well as the
speciﬁc exergaming characteristics and their impact on physical activity levels are needed.
Taken together, the potential of exergaming is frequently underexploited, and in order to make
the best use of exergaming in the future, more games should be customized to meet the needs of
speciﬁc populations [36]. Although customizing exergames is currently costly and limited by technical
considerations, exergaming technology is advancing and becoming more affordable, creating potential
opportunities for future development.
4. Opportunities
Although in exergaming research, a variety of strengths have already shown its potential,
a major opportunity of exergaming is to further develop these strengths. So, for example, a major
opportunity of exergaming (which has been shown to some extent) is that it helps to get children and
adolescents active, which would promote motor skills, cognitive performance as well as mental health.
Physical inactivity is a major health factor in children and adults due to the many harmful effects on
both physical [3] and mental health [4]. Considering that most children and adolescents in Europe
and the US play video games [60], exergaming could become an important tool to promote physical
activity, reach individuals that could not be reached by alternative methods, and promote positive
effects on cognitive performance, mental and physical health [46].
The use of video games as a therapeutic tool is promising [61]. Children and adolescents in clinical
as well as rehabilitative settings may benefit from exergaming. It has already been shown in rehabilitation
that exergaming has the potential to improve general as well as disease specific outcomes [44]. Moreover,
there is promising evidence showing that exergaming is feasible as a physiotherapeutic intervention
in adults [62], and that children’s motor learning may even be enhanced by practice in a virtual
environment [63]. Thus, in the future, exergaming may be used by occupational or physiotherapists
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to reach those who cannot do traditional physical therapy due to their physical condition or location.
Since exergaming is highly scalable, it could be utilizable for a variety of diseases and disorders in the
future. In this way, exergaming could be used as a form of therapy/rehabilitation to help to get many
children active who cannot be reached, due to their distant location for example, or their inability to
leave the hospital due to their disease [64].
Additionally, the applied exergames could serve as a continuous diagnostic tool. While playing,
information about the state of the user (including psychophysiological data) could be logged.
The computer or a caregiver could then access the diagnostic information and automatically or
manually adjust the exergame to suit the needs of the individual [36]. Furthermore, it is probable that
in the future, multiple technical devices access and share their data to provide an optimized training
including exergaming, augmented reality and traditional exercises.
Several factors are suggested to be important for successful interventions. These factors include
both hardware and software as well as many structural characteristics, which lead to both immersion
and increased motivation to play video games [65,66]. In children and adolescents, a goal would be to
use comparable output hardware as well as game elements [66] and structural characteristics of video
games [65] in exergaming. In further detail, these characteristics could include multiple levels, such as
social, manipulation and control, narrative and identity, reward and punishment and presentation
features [65]. A systematic inclusion of these characteristics could help to enhance exergaming,
facilitate initiation and maintenance and ﬁnally replace sedentary behavior with physical activity.
As another opportunity, learning (of motor skills for example) can occur both implicitly and
explicitly in exergaming, since it is possible to learn movements embedded in a story without formal
instruction [45]. This combination of playful non-instructive learning with informative instructive
learning bears great potential for children and adolescents, but must be investigated further in
the future.
Moreover, exergaming has the potential to stimulate neuroplasticity through environmental
enrichment and task complexity. Neuroplasticity refers to “the capacity of the nervous system to
modify its organization” [67]. These adaptations for example can occur as a consequence of skill
training, resulting in learning and skill acquisition [68]. Since research has shown that environmental
enrichment seems to stimulate cognitive functions [69] as well as neural and synaptic growth [70],
exergaming consequently has the potential to promote neuroplasticity. However, not only novel or
enriched environments, but also physical exercise [68] and task complexity [71] seems to facilitate
neuroplasticity. Since as mentioned before, a strength of exergaming is adaptivity, task complexity can
be kept on a (optimal) challenging level in a changing virtual environment, altogether contributing to
facilitated neuroplasticity.
Considering the mentioned opportunities, it is suggested to speciﬁcally implement existing
strengths of exergames such as adaptivity, speciﬁcity and individuality in a more systematic fashion.
Furthermore, to enhance potential beneﬁts and increase adherence, one could include structural
video game characteristics as well as sound exergaming procedures, such as involving parents in
game play [47,65,72]. However, these advances might also be associated with a variety of new and
unexpected threats which should be considered.
5. Threats
The most likely risk of exergaming, whilst also being responsible for some of the greatest strengths,
is that exergaming takes place in a virtual environment. Because of this circumstance, there are concerns
that exergaming replaces traditional physical exercises and increases screen time.
One of the greatest threats of exergaming revolves around the question of whether traditional
physical activity is replaced by exergaming. Given that in exergaming research a major aim is to
increase physical activity levels and impact physical health (e.g., in obesity), a replacement of traditional
exercises would have an adverse effect. There is ﬁrst evidence in overweight and obese adolescent
girls, indicating that an exergaming intervention may result in increased self-reported physical activity
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and less TV watching. However, the results are somewhat inconclusive since there was no increase
in physical activity provided by accelerometry [73]. Nevertheless, in the scientiﬁc community, it is
well established that exergaming should not, and cannot replace traditional physical exercise [46].
On the contrary, the underlying idea is that it should replace sedentary behavior such as video gaming.
Since there is currently not enough scientiﬁc evidence on this issue, this risk must be researched in
future studies and monitored carefully.
Whether exergaming increases screen time substantially is also unclear from a scientific standpoint.
On the one hand, it is possible that applied exergaming interventions, in physical education (PE) for
example, increase screen time to a smaller extent. On the other hand, research has shown that PE
combined with exergaming revealed greater improvements with regard to fitness and BMI than PE
alone [33]. Therefore, exergaming might be a gateway to sedentary people. Consequently, to fully
evaluate the effects caused by the added active screen time, further research is needed to investigate both
the positive effects of more physical activity and the negative effects evolving from more screen time.
Related to this issue, the underlying assumption of people who fear increases in screen time is that
exergaming has negative effects on the mental health of children and adolescents. Here it is thought
that exergames will cause social isolation due to excessive video gaming, or increase aggression [74].
This fear, however, is likely based on previous research about sedentary violent video games [75] and
problematic gaming behavior [76]. In contrast to these ﬁndings, research also revealed positive effects
of sedentary video games on cognition, motivation, emotion and social beneﬁts [77,78], meaning that
the hypothesized negative effects of sedentary video gaming are currently subject to controversial
debate [79]. Most importantly, it is questionable whether the negative effects of speciﬁc types of
sedentary video games can be easily transferred to active video games, since these games can only
be played limitedly due to the level of physical exertion and reaching fatigue. Nevertheless, this fear
leads to a reservation towards exergaming, which consequently threatens adherence and commitment.
The transferability from exergaming to the real world is uncertain. Another risk refers to the
controversial debate in the cognitive training literature regarding the transferability of skills from
a (virtual) training to the real world [80,81]. Since near transfer effects are easier obtained, the virtual
environment can be systematically designed to come as close to real world settings as possible [41,82].
Although exergaming offers this unique potential to increase transfer effects compared with previous
video games, it is also likely that transfer effects are limited by the choice of exergames. Thus, theory
driven approaches [72] for example using the identical elements theory [83] in order to increase transfer
effects are needed.
Finally, exergaming might attract certain individuals, which potentially introduces selectivity
bias. Research has shown a non-acceptance of potential users because of the digital nature of the
games [51]. Thus, due to the technical implementation of exergaming utilizing game consoles and the
virtual environment, exergaming itself might lead to an attraction of certain individuals [34]. Since,
for example, more boys are playing video games than girls [76], a risk might be that boys in particular
are attracted by exergaming. This in turn could lead to a selectivity bias in research and practice [34].
Notably, as with every novel technology, exergaming must ﬁrst prove its value to convince different
potential users, parents, teachers and caregivers. Nevertheless, researchers and game developers
should pay attention to the inclusion of different target groups.
Taken together, these potential threats indicate that exergaming should not be a substitute for
traditional sports or exercises [46], and that an increase in screen time has to be monitored carefully in
order to prevent potential negative effects. Among others, the most important future challenges include
the increase of transfer effects by using theory driven approaches, such as the identical elements theory,
which might help to speciﬁcally target intended outcome variables during exergaming [83].
6. Summary
The current SWOT analysis reveals that exergaming has a variety of strengths, most notably
identifying the potential for individualization, adaptivity and speciﬁcity. Additionally, the increased
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motivation and engagement, and the potential to reach speciﬁc populations lay the foundations for
exergaming to promote physical activity and health in children and adolescents successfully.
However, there are also weaknesses associated with exergaming, which mostly involve its
implementation. In further detail, it seems that the potential of exergaming is frequently underexploited,
and that in previous exergaming studies, there is limited systematic inclusion of theories and
underlying mechanisms.
Since exergaming is a relatively new technological achievement, promising opportunities such
as getting people active as well as promoting motor skills, cognitive performance and mental health
warrant further investigation. However, substantial modiﬁcations must be monitored continuously
and carefully regarding potential threats, most importantly considering the risk of replacement of
traditional physical exercise, and the risk of increased screen time.
Taken together, since most children and adolescents in Europe and the US play video games [60],
we are already past the point of no return. Thus, the question is no longer whether children and
adolescents are playing video games and how can we prevent them from doing so, but how we
can positively impact what type of digital games they use, and for what purpose they are playing.
Considering this, exergaming could be a viable tool to positively inﬂuence the screen time experience
of children and adolescents.
7. Limitations
This SWOT analysis suffers from weaknesses which are worth noting. First, it might be that
strengths and positive effects are more likely to become published than null or even negative effects.
Having this publication bias in mind, the current analysis might also lean towards the strengths of
exergaming. Thus, more empirical research, not only investigating whether there is a positive effect or
no effect of exergaming on speciﬁc variables, but speciﬁcally focusing on the potential negative effects
is needed. Second, it is impossible to make a truly objective SWOT analysis [84]. One could even say
that a SWOT analysis is subjective by deﬁnition, since a weighting on the importance of aspects must
be done. Therefore, this analysis also contains subjective opinions. Third, the current SWOT analysis
has no claim to be complete. The aim was to collect and identify the most important aspects, however,
this review is not exhaustive.
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Abstract: Objective: Although current evidence supports the use of virtual reality (VR) in the
treatment of mental disorders, it is unknown whether VR exercise would be beneﬁcial to mental
health. This review synthesized literature concerning the effect of VR exercise on anxiety and
depression among various populations. Methods: Ten electronic databases were searched for studies
on this topic from January 2000 through October 2017. Studies were eligible if the article: (1) was
peer-reviewed; (2) was published in English; and (3) used quantitative measures in assessing anxietyand depression-related outcomes. Results: A total of ﬁve empirical studies met the eligibility criteria.
These studies included two randomized clinical trials, one control trial, and two cross-sectional
studies. Four studies reported signiﬁcant improvements in anxiety- and depression-related measures
following VR exercise, including reduced tiredness and tension, in addition to increased energy and
enjoyment. Nonetheless, one study failed to support the effectiveness of VR exercise over traditional
exercise alone on depressive symptoms. Conclusions: Findings favor VR exercise in alleviating
anxiety and depression symptomology. However, existing evidence is insufﬁcient to support the
advantages of VR exercise as a standalone treatment over traditional therapy in the alleviation of
anxiety and depression given the paucity of studies, small sample sizes, and lack of high-quality
research designs. Future studies may build upon these limitations to discern the optimal manner by
which to employ VR exercise in clinical settings.
Keywords: anxiety; depression; exercise; mental health; virtual reality

1. Introduction
Anxiety is a psychological disorder characterized by worried thoughts, feelings of tension,
and physical changes such as increased blood pressure [1]. Individuals with anxiety disorders tend to
have recurring intrusive thoughts or concerns, as well as speciﬁc physical symptoms such as trembling,
sweating, a rapid heartbeat, or dizziness [1]. Today, anxiety disorders are the most common mental
illness in the U.S., affecting approximately 40 million adults (18.1% of the U.S. population) annually.
However, only 36.9% of those suffering from any anxiety disorder receive treatment [2]. Depression
is another major psychological disorder. Depressed individuals present not only with poor mood,
but also with disturbed sleep or appetite, signiﬁcant weight loss or gain, loss of interest or pleasure
in daily activities, lack of energy, inability to concentrate, feelings of worthlessness, and recurrent
thoughts of death or suicide [1]. In 2015, 16.1 million U.S. adults had experienced at least one major
depressive episode within the past year (6.7% of all U.S. adults) [2]. Remarkably, while anxiety and
depression disorders are different, individuals who develop depression may have experienced an
J. Clin. Med. 2018, 7, 42; doi:10.3390/jcm7030042
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anxiety disorder earlier in life. Indeed, individuals with depression often experience symptomology
similar to that characteristic of anxiety disorders, including nervousness, irritability, disturbed sleep or
appetite, and poor concentration, among other symptoms [2]. Fortunately, anxiety and depression
disorders are treatable, with most individuals able to be helped with the appropriate professional care.
Concerted and novel efforts, therefore, must continue to be made to promote mental health among
individuals with anxiety and depression through innovative treatment approaches.
Many treatments are available to treat anxiety and depression disorders, including medication,
exercise, meditation, and cognitive behavioral therapy. In many cases, these treatments can be tailored
to a client to help reduce symptomology of anxiety and/or depression. To date, the application
of emerging technology in health promotion has generated substantial public interest. Among the
emerging technologies that may potentially aid in the treatment of anxiety and depression, virtual
reality (VR) is arguably the most exciting and technologically-advanced. VR is a digital technology that
artiﬁcially creates sensory experiences—including visual, auditory, touch, and scent stimuli—while
allowing the user to manipulate objects within the virtual environment created [3]. Two types of
VR exist: (1) immersive VR, which frequently uses head-mounted displays, body-motion sensors,
real-time graphics, and advanced interface devices (e.g., specialized helmets) in the simulation of a
completely virtual environment for the user; and (2) non-immersive VR, which uses interfaces such as
ﬂat-screen televisions/computer screens with associated keyboards, gamepads, and joysticks. Simply
stated, immersive VR seeks to envelop the players in a virtual world, making the players feel as though
they are “actually there”, whereas the non-immersive VR does not simulate a virtual world to as deep
a degree.
Over the past decade, VR applications were widely used for rehabilitation medicine (e.g.,
stroke, Parkinson’s disease, and developmental disabilities) and behavioral medicine (e.g., phobias,
post-traumatic stress disorder, and autism) [4–6]. Notably, VR-based treatments for different mental
health conditions have observed positive ﬁndings. Speciﬁcally, VR has been investigated in the
treatment of phobias, obesity, chronic pain, and eating disorders [7–10]. Recently, VR exposure therapy
(VRET) has become popular in the treatment of anxiety and depression, with a growing body of
literature suggesting that VRET is a successful tool for the treatment of anxiety- and depression-related
symptomology [11–15]. Yet, the current literature concerning the effects of VR-based treatments
on anxiety and depression primarily focuses on VRET, with VR exercise in the treatment of these
conditions being seldom reviewed. VR exercise refers to equipping traditional exercise equipment
like bikes and treadmills with VR capabilities. Speciﬁcally, some new exercise apparatus has been
equipped with integrated sensors that sync with a computer or gaming console and allow the player
to engage in strenuous physical exertion on the apparatus while simultaneously engaging in VR
gameplay. Researchers and health professionals have documented that combining VR with exercise
equipment (a.k.a., VR exercise) may serve to enhance the psychological beneﬁts of exercise and increase
the chances of long-term adherence to exercise [16,17]. For example, the latest commercially-available
VR exercise apparatus—the VirZoom, a VR exercise bike compatible with most VR headsets (e.g., the
Oculus Rift, PlayStation VR, Samsung Gear VR, HTC Vive, etc.)—is presenting researchers and health
professionals with the opportunity to implement VR exercise to promote improved health. Thus,
given the enjoyable nature of currently-available VR exercise games and the demonstrated positive
effects exercise has on anxiety and depression [16,18,19], VR exercise might be viewed as a potentially
effective approach to alleviate anxiety- and depression-related symptomology.
As VR exercise is increasing in popularity given the compatibility of VR systems with traditional
exercise apparatus such as bikes and treadmills, the potential of VR exercise to be used in the treatment
of anxiety and depression is great. Unfortunately, there have been no known comprehensive reviews
that have speciﬁcally examined the effectiveness of VR exercise on anxiety- and depression-related
outcomes. The purpose of this review, therefore, is to systematically evaluate the available evidence
concerning the effects of VR exercise on anxiety and depression. In detail, this preliminary review
aims to identify, synthesize, and interpret the best available evidence for the use of VR exercise in
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promoting anxiety- and depression-related outcomes. Findings of this review will help inform scholars
and health professionals of the potential beneﬁts VR exercise has in the treatment of anxiety- and
depression-related symptomology and where improvements can be made to VR exercise interventions
that seek to reduce these symptoms among patients.
2. Methods
The Preferred Reporting Items for Systematic Review and Meta-Analysis Protocols (PRISMA-P)
2015 statement was consulted and provided the framework for this review [20].
2.1. Information Sources and Search Strategies
The following electronic databases were employed for the literature search: Academic Search
Complete, Communication and Mass Media Complete, Education Resources Information Center
(ERIC), Google Scholar, Medline, PsycINFO, PubMed, Scopus, SPORTDiscus, and Web of Science.
The literature search was conducted independently by the co-authors, with all studies queried placed
within a shared research folder. Search terms were discussed among the research team and used in
combination: (“virtual reality” OR “head-mounted display”) AND (“exercise” OR “physical activity”
OR “sports” OR “bike” OR “treadmill”) AND (“mental illness” OR “mental disorders” OR “mental
health” OR “anxiety” OR “depression”).
2.2. Eligibility Criteria
The eligibility criteria used to evaluate each study included: (1) published in English between
January 2000 through October 2017 as peer-reviewed study; (2) employed the use of immersive VR only
(e.g., head-mounted display(s)), with studies of non-immersive VR (e.g., Xbox 360 Kinect and Nintendo
Wii) excluded; (3) involved human participants; (4) used quantitative measures in assessing anxietyand depression-related outcomes; and (5) employed an established study design that allowed for
examination of the effect of VR exercise on anxiety- and depression-related outcomes (e.g., randomized
controlled trials (RCTs), cohort, and observational studies), meaning case studies were excluded.
2.3. Data Extraction
Three reviewers (NZ, ZP, and JL) separately screened the titles of potentially relevant articles.
If the reviewers were unable to determine the relevance of an article to the topic, then the abstract
was reviewed. Data extraction was completed by one reviewer (NZ) and checked by another (ZP) for
accuracy. All potential articles were downloaded as full text and stored in a shared folder, after which
three authors (NZ, ZP, and JL) reviewed each article independently to ensure that only relevant entries
were included. A list of published articles on the topic was then created in a Microsoft Excel spreadsheet
(Microsoft Corporation, Redmond, WA, USA). The following information was extracted: (1) year of
publication and country of origin, (2) methodological details (e.g., study design, sample characteristics,
study duration, VR exposure, anxiety- and depression-related outcomes, and instruments), and (3)
key ﬁndings concerning the effectiveness of VR exercise on anxiety- and depression-related outcomes.
Finally, relevant studies were further identiﬁed through cross-referencing the bibliographies of selected
articles. Notably, reviewers were not blinded to the authors or journals, and no attempts were made
to contact investigators or correspondents of the original studies to acquire any information missing
from the included articles.
2.4. Risk of Bias in Individual Studies
To assess the risk of bias in each study, two reviewers (NZ, ZP) independently rated each study
using an 8-item quality assessment tool (see Table 1) employed in previous literature [21–23]. Each
item within each study was rated as “positive” (when the item was explicitly described and present) or
“negative” (when the item was inadequately described or absent). Two reviewers (NZ, ZP) separately
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scored each article to ensure reliable scoring of the quality assessment. When disagreements occurred
between the two reviewers, unresolved differences were evaluated by a third reviewer (JL). In particular,
Items 1, 3, 4, and 6 in Table 1 were deemed the most important, as these items had greater potential
to signiﬁcantly affect the research ﬁndings. Of note, the ﬁnal score for each study was calculated by
summing up the all “positive” ratings. A study was considered “high-quality and at low risk of bias”
when scored above the median score of 4.5 following the scoring of all studies. Studies below the
median score were considered “low-quality and at high risk of bias”.
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3. Results
3.1. Study Selection
A total of 407 potentially relevant articles were identiﬁed. After removing duplicates, titles and
abstracts of the remaining articles were screened and further identiﬁed as potentially meeting the
eligibility criteria. An additional study was located through the search of reference lists. Following a
thorough securitization of the full-text articles, ﬁve studies fully met the eligibility criteria and were
included in this review (see Figure 1). Reasons for excluding articles included: non-English language
articles, ineligible VR type (i.e., non-immersive VR), and no measures of anxiety and depression,
among others. Notably, a high inter-rater agreement (97%) of the articles included was obtained
between the authors.

Figure 1. PRISMA ﬂow diagram of studies through the review process; * reasons for study exclusion
included non-English language articles, ineligible VR type (i.e., non-immersive VR), and no measures
of anxiety and depression. Many studies were excluded for multiple reasons.

3.2. Study Characteristics
The characteristics of included studies are shown in Table 2. Among the ﬁve studies, two
were RCTs [24,25], one was a controlled trial (CTs; quasi-experimental pre-posttest design without
randomization) [26], and two were pre-experimental designs with pre-post-test design among same
participants) [27,28]. The studies were conducted in different countries: two in the U.S. [27,28], one in
Brazil [25], one in Korea [24], and one in Taiwan [26], reﬂecting the global nature of the phenomenon
under study. Among these studies, one was conducted in a clinical setting [26], but the other four
were completed in a laboratory setting [24,25,27,28]. Participants’ ages ranged from 22 years to 84
years. Populations were diverse, including patients suffering from spinal-cord injuries [26], college
students and faculty/staff [27,28], and older adults [24,25]. Notably, a relatively large variability in
sample size and VR exposure was observed across studies, with samples varying from 30 to 154
participants (median number of participants being 70) and VR exposure length ranging from 30 min to
8 weeks (median period of exposure being 90 min). All studies examined the effects of VR exercise on
health-related outcomes including physical ﬁtness, cognitive functioning, mental health, and anxiety
and depression. Measures employed to assess anxiety- and depression- related outcomes were most
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often the Activation-Deactivation Adjective Check List (AD-ACL) [26–28], Geriatric Depression Scale
(GDS) [25], and Short-Form Health Survey (SF-36) [24].
3.3. Quality and Risk of Bias Assessment
Following the rating of each study using the 8-item quality and risk of bias assessment tool, scores
ranged from 4 to 7 (see Table 1). In detail, two studies received an overall rating of high-quality/low
risk of bias (scored above the median score of 4.5), while three studies received an overall rating
of low-quality/high risk of bias. Notably, all studies succeeded in retaining at least 70% of the
participants. The most common issues with the study quality and risk of bias were related to lack of
follow-up measurements, no power calculations to determine appropriate sample sizes, and omission
of discussion regarding missing data interpretation. Additionally, relevant discussions concerning
potential bias and methodological efforts to minimize confounding effects were rarely mentioned
within the low-quality studies. Given the poorer quality of research designs among the literature on
this topic, a meta-analysis was prohibited.
3.4. Key Findings
Of the five studies examining the effects of VR exercise on participants’ anxiety- and
depression-related outcomes, four reported significant improvements in outcomes associated with these
conditions, such as reduced tiredness and tension, and increased energy and enjoyment [24,26–28].
Notably, one study failed to support the effectiveness of VR exercise over traditionally active
exercise (without virtual reality stimulation) on depressive symptoms [25]. Speciﬁcally, Chen and
colleagues [26] investigated the psychological beneﬁts of VR exercise in patients suffering from
spinal-cord injuries. An experimental group (n = 15, Mage = 51.3, SD = 15.8) underwent treatment using
a VR exercise bike, while a comparison group (n = 15, Mage = 45.4, SD = 14.24) received an identical
exercise treatment but without VR equipment. Signiﬁcant differences for AD-ACL-measured calmness
and tension were observed between groups, with experimental group participants experiencing the
greatest reductions in tension and improvements in feelings of calmness. Additionally, Lee et al. [24]
examined the effect of individualized feedback-based VR exercise on health-related quality of life in
older women. Participants were randomized to either a VR exercise (motions based on Tai Chi) group
(n = 26, Mage = 68.7, SD = 4.6) or group-based exercise group (n = 28, Mage = 67.7, SD = 4.3). Both
groups received a 60-min intervention three times a week for eight weeks. The SF-36 was administered.
The ﬁndings indicated that the VR exercise group not only achieved greater decreases depression
compared to the group-based exercise group, but also larger improvements in quality of life, social
functioning, and physical ﬁtness.
Moreover, Plante et al. [27] conducted a cross-sectional study to assess the psychological beneﬁts
of VR-based treadmill exercise among college students (n = 154, 102 females). Participants were
randomly assigned to one of three 20-min conditions: (1) walking on a laboratory treadmill while
using VR, (2) walking on the treadmill without VR, (3) experiencing a virtual walk using VR without
any exercise performed (i.e., sedentary condition), and (4) walking outside around campus. The
AD-ACL was used to assess mood states, including energy, calmness, tension, and tiredness. Findings
indicated that VR-based treadmill walking enhanced energy and reduced tiredness and tension to
the greatest degree versus the other three groups. Similarly, Plante and colleagues [28] conducted
another cross-sectional study of VR biking exercise study among University faculty and staff (n = 88, 44
females). Participants were randomly assigned to one of three 30-min conditions including: (1) playing
a VR computer bicycle game, (2) an interactive VR bicycle experience on a computer while exercising
on a stationary bike at moderate intensity, and (3) bicycling at a moderate intensity (60–70% maximum
heart rate) on a stationary bicycle. The AD-ACL was administered to assess mood states before and
after each exercise session, and ﬁndings favored VR-based biking exercise for the enhancement of
enjoyment and energy, as well as the reduction of tiredness compared to the other two conditions.
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exercise bike

Individualized
feedback-based
VR exercise

VR-based
physical
exercise

VR with
walking on
treadmill

VR in
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with stationary
bike

Design/Sample

Quasi-experiment; N = 30
Patients suffering from
spinal-cord injury;
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Mage = 51.3, SD = 15.8);
Control (n = 15,
Mage = 45.4, SD = 14.24)

Randomized controlled
trial (RCT); N = 54;
Intervention (n = 26,
Mage = 68.7, SD = 4.6);
Control (n = 28,
Mage = 67.7, SD = 4.3)

RCT; N = 70 older adults;
Intervention (n = 29,
Mage = 85, SD = 8);
Control (n = 41,
Mage = 86, SD = 5)

Cross-sectional; N = 154
(102 females) students
were assigned to 4
different conditions

Cross-sectional; N = 88
(44 females, Mage = 38.1,
SD = 12.31) university
faculty and staff s were
assigned to 3 different
conditions

Study Description

Chen et al. [26] 2009,
Taiwan

Lee et al. [24] 2015, Korea

Monteiro-Junior et al. [25]
2017, Brazil

Plante et al. [27] 2003, USA
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Plante et al. [28] 2003, USA

4 × 20-min
experiments

3 × 30-min
experiments

Brisk outdoor walk Vs.
VR with walking on
treadmill Vs. Walking
on the treadmill
without VR Vs. VR
without exercise
Stationary bicycling at a
moderate intensity
(60–70% maximum
heart rate) Vs.
VR-based bicycle game
without actual exercise
Vs. (3) VR-based
stationary bike at
moderate intensity

Mood states were
assessed via AD-ACL,
including energy,
calmness, tension, and
tiredness

Mood states were
assessed via AD-ACL,
including energy,
calmness, tension, and
tiredness

30–45
min/session,
12–16 sessions
twice a week

a 60-min
intervention
three times a
week for eight
weeks.

Not applicable

Duration

Exercises with VR
stimulation Vs. same
exercises without VR
stimulation

Individualized
feedback-based VR
exercise Vs.
group-based exercise

Rehabilitation therapy
with a VR-based
exercise bike Vs. same
therapy without VR

Exposure

Depressive symptoms
were assessed via
Geriatric Depression
Scale (GDS)

Psychological outcomes
were measured via
Short-Form Health
Survey (SF-36)

Mood states were
assessed via
Activation–Deactivation
Adjective Check List
(AD-ACL)

Outcomes/Instrument

Table 2. Descriptive Characteristics of Included Studies.

VR when paired with
exercise enhances
enjoyment, energy, and
reduces tiredness.
Notably, VR without
exercise was found to
increase tension,
tiredness, and lower
energy level

VR may enhance energy
and reduce tiredness and
tension when paired with
actual exercise

There was no signiﬁcant
difference between
groups in depressive
symptoms

Individualized
feedback-based virtual
reality group (IFVRG)
showed greater
improvement in mental
health (increased social
functioning and
decreased depression)

A virtual-reality-based
rehabilitation program
can ease patients’ tension
and induce calm

Findings
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Although a majority of the included studies (n = 4) supported the claim that VR exercise can
improve anxiety- and depression-related outcomes, it is worth noting that one study failed to back
these ﬁndings. Monteiro-Junior et al. [25] evaluated the effects of VR exercise on cognitive functions,
physical performance, fear of falling, and depressive symptoms among older adults. Participants
were randomly allocated to either VR-based physical exercise with exergames (n = 29, Mage = 85,
SD = 8) or active control group (n = 41, Mage = 86, SD = 5), with the latter group performing same
exercises without VR stimulation. Both groups received a one-week intervention lasting 30–45 min per
session for 12–16 sessions. Depressive symptoms were assessed via the GDS. No signiﬁcant differences
between groups for depressive symptoms were observed. Notably, depressive symptoms in this study
were assessed as a secondary outcome.
4. Discussion
The primary focus of this article was to comprehensively review the available literature regarding
the effectiveness of VR exercise on anxiety and depression while attempting to provide practitioners
and health professionals future directions for the use of VR exercise in treating these and other mental
disorders. Five studies were included in the ﬁnal analysis. Findings revealed that VR exercise had
signiﬁcant beneﬁcial effects on anxiety- and depression-related outcomes in 4 of included studies.
Notably, no detrimental effects were observed within any study. Overall, the present review provides
initial evidence of the potential of using VR exercise to treat individuals with anxiety and depression.
The majority of the ﬁve articles included in this review indicated VR exercise to have positive
effects on anxiety- and depression-related outcomes [24,26–28]. Although the results are encouraging,
several limitations should be noted. First, relatively small sample sizes and short or unclear VR exercise
exposure periods may limit the ability to generalize the ﬁndings and conﬁrm an optimal dose (i.e.,
type, duration, intensity, and frequency) of VR exercise needed to treat anxiety and depression. Second,
as most of the included studies were conducted in a laboratory setting (n = 4), integrating VR exercise
into clinical practice must be viewed cautiously. Third, as technology advances, some types of VR
may have been phased out by newer systems. For example, three included studies were conducted
before 2010 [26–28]. Thus, while the VR technology used in these studies was research-grade, this
technology might be antiquated compared to currently-available VR systems. These outdated VR
systems may have affected the participant experience within these studies and thereby had an impact
on the treatment effects. Nonetheless, the largely positive ﬁndings of this body of VR exercise literature
on anxiety and depression are encouraging, as VR systems continue to improve in quality.
VR is a technology-based interface that allows users to experience computer-generated virtual
environments [29]. Over the past decade, VR technology has experienced increasing application
in the treatment of individuals with mental disorders [5]. As previously stated, most available VR
literature focused on effects of VRET on mental disorders. VRET is based upon emotion-processing
theory, which postulates that fear memories are structures and contain information regarding fear
stimuli, responses, and meaning [29]. As such, VRET has been widely used in clinical research to
trigger and adjust those fear structures by presenting novel incompatible information and advancing
emotional processing (e.g., creating a virtual environment containing the trigger(s) of an individual’s
anxiety and/or depression) [29]. Within these clinical research studies, a growing body of literature has
demonstrated that VRET is related to large declines in symptoms of both anxiety and depression, and is
similar in efﬁcacy to traditional exposure therapy [13,30–32]. Yet, the effects of commercially-available
VR exercise on mental health are rarely investigated. More research needs to be done in this area
of inquiry.
Currently, only 41% of U.S. adults with a mental disorder received mental health services in the
past year. This fact is concerning and suggests the need for new and enjoyable treatments for mental
disorders to be included exclusively or as an adjunct to traditional treatments [33]. Fortunately, VR
exercise continues to become more mainstream for health promotion and, given the demonstrated
effects of exercise on anxiety and depression in addition to the enjoyable nature of VR [16,18,19],
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VR exercise may be a potential treatment option for these two mental disorders and others. Indeed,
the latest commercially-available immersive VR headsets, such as the PlayStation VR, Samsung
Gear VR, and Oculus Rift are increasingly becoming popular worldwide, presenting scholars and
health professionals with opportunities to implement VR exercise interventions with the objective of
promoting mental health among various populations. For instance, Zeng and colleagues (2017) [34]
conducted a pilot study using a state-of-the-art VR exercise apparatus (VirZoom) and demonstrated
the feasibility of using VR exercise for enhancing psychological outcomes including enjoyment and
self-efﬁcacy, indicating the potential of VR exercise technology for use in the promotion of mental
health to be great. Yet, VR exercise studies akin to those of Zeng and colleagues that employ the
newest VR systems among individuals with anxiety or depression, with the objective to improve the
symptomology associated with these two disorders, remain to be observed.
It is noteworthy that employing the newest VR exercise systems in the promotion of psychological
health among individuals with anxiety or depression offers several advantages. Speciﬁcally, the newest
VR exercise systems allow for the precise presentation and control of stimuli within a dynamic
multi-sensory three-dimensional computer-generated environment [35] while creating a safe and
motivating exercise condition that may avoid the injury and burnout sometimes associated with
exercise in a real-world setting. Given these advantages and the fact that regular exercise can have a
profoundly positive impact on depression, anxiety, and other mental disorders [36,37], clinicians and
health professionals should take into account the 2008 Physical Activity Guidelines for Americans [38]
when considering a VR exercise prescription as an adjunctive or alternative approach to mental health
treatments. As such, more research is warranted in order to determine the optimal dose of VR exercise
(i.e., intensity, duration, and frequency) needed to promote the most positive psychological outcomes,
which would assist in the advancement of VR exercise toward personalized medicine. Yet, if empirical
research continues to demonstrate effectiveness, the use of VR exercise could offer adjunctive or
alternative options for the treatment of mental disorders such as anxiety or depression.
As with any other groundbreaking innovation, VR is not devoid of potentially negative aspects.
To begin, emerging evidence has suggested that the use of contemporary, consumer-oriented
head-mounted display devices (e.g., Oculus Rift, Samsung Gear VR, HTC Vive, etc.) may cause
motion sickness, with females at greater risk [39]. The common symptoms of motion sickness include
eye strain, headache, stomach awareness, sweating, fatigue, drowsiness, disorientation, and, in some
cases, nausea and vomiting [40]. Thus, VR exercise may not be a good option for those who suffer from
or are at higher risk of motion sickness and live with symptoms of epilepsy such as severe dizziness,
blackouts, and seizures. Further, while VR games make exercise more appealing, the equipment used
for VR exercise is relatively expensive compared to traditional exercise. For example, the VirZOOM
exercise bike—a virtual reality ﬁtness game platform, which integrates a traditional stationary bike with
a VR headset (e.g., PlayStation VR), costs approximately $1000 prior to purchasing compatible games.
As such, the high price of VR exercise may result in potential stakeholders within the medical ﬁeld
adopting a “wait-and-see” approach toward the implementation of this novel technology. Additionally,
as with other forms of technology, there may be some risk for VR obsession/dependence—factors that
need to be considered when treating individuals with other mental disorders. Finally, while exercise
has been proven to be effective in the treatment of anxiety and depression [41,42], it is worth noting
that most VR exercise apparatuses are still in the exploratory phase of development and have yet to
advance beyond feasibility and small case studies [43]. Therefore, VR exercise still remains widely
unexplored, suggesting more research is warranted.
Although the current study’s strength lies in the provision of the ﬁrst known synthesis of the
effects of VR exercise on anxiety and depression in a systematic manner, the study is not without
limitations. To begin, the current review only included peer-reviewed full-text and English language
publications, despite the fact that other unpublished and non-English research may be available on
the topic. Second, qualitative perspectives such as user experience were excluded, because they fell
outside the review’s primary aim. These viewpoints, however, would have signiﬁcant relevance for
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the treatment of mental disorders. Third, it is possible that other VR exercises exist and, as such, it is
possible the search terms used in the current study limited our ability to locate all relevant studies.
Finally, given a small number of empirical studies and the relatively low quality of the study designs
and methodology, a conclusive statement regarding the effectiveness of VR exercise on anxiety and
depression should be interpreted with caution—providing further indication of the need for greater
study on this topic.
5. Conclusions
This preliminary review synthesizes the available experimental evidence regarding the effects
of VR exercise on anxiety- and depression-related outcomes. Findings favor VR exercise, as this
small group of studies indicates improvements in mental health for those who had these two mental
disorders. Yet, the paucity of literature on this topic and the need for higher-quality study designs
among large samples necessitates further research prior to large-scale implementation of VR exercise
treatments for anxiety and depression within clinical settings.
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