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Background. The monitoring and rehabilitation of pulmonary function can be immensely important for long-term performance of
daily life activities in stroke patients. In recent times, smartphone game-based assessment (SGA) has been gaining in popularity
as an alternative to laboratory assessments. Hence, the aims of this study were (1) to quantify the reliability and validity of SGA
for pulmonary function and (2) to assess the validity of SGA in comparison to spirometry. Materials/Methods. Thirty-four stroke
subjects (age = 49.24 ± 8.25 years) performed spirometry and the smartphone game on different days. Spirometric values were
obtained using a spirometer (SP-1, Schiller, USA). A breathing game application (Breathing+ package, Breathing Labs, Slovenia)
was used to obtain the values for the SGA of pulmonary function. The concurrent validity was determined by comparing data
collected from the 2 systems, and the reliability was determined by comparing data collected from 3 sessions of using the breathing
game on a smartphone.Results. All parameters demonstrated excellent agreementwith intraclass correlation coefficients (ICC (2.1))
values for reliability and concurrent validity. Conclusion. We compared the relationship between the SGA and the spirometry as
certified pulmonary function test. The SGA data were statistically significant and reliable for pulmonary function assessment in
stroke patients. It will therefore be useful during rehabilitation to improve pulmonary function and clinical monitoring in stroke
patients.

1. Background

Following a stroke, patients may have impairments such
as loss of muscle mass, pain, and functional limitation.
Reduced tolerance to daily physical activity can additionally
lead to a more sedentary lifestyle which increases risk of
pulmonary infections [1, 2]. Respiratory complications in
stroke patients may occur due to changes in respiratory
patterns or weakness of respiratory muscles. Respiratory
complications such as decreased ventilation and cough effec-
tiveness lead to difficulty in eliminating secretions, which
significantly increases the risk of pulmonary diseases in
stroke patients [3, 4]. In a detailed study of pulmonary
function in stroke patients, researchers found that pul-
monary function (maximum inspiratory and expiratory
pressure) was significantly reduced. Therefore, it is impor-
tant for stroke patients to achieve, improve, and maintain
the physical capability of carrying out daily functions by

monitoring and rehabilitation of pulmonary function [2, 5,
6].

Spirometry is widely used in clinical practice as it
provides detailed and easy-to-interpret information on pul-
monary function. The use of spirometry is necessary for the
evaluation and follow-up of respiratory diseases and for con-
firmation of return to respiratory normality [7]. Spirometry
is particularly essential for the monitoring and follow-up of
respiratory diseases such as asthma and chronic obstructive
pulmonary disease (COPD) and of the respiratory complica-
tions of stroke [8]. Thus, spirometry should be a part of any
routine health examination of subjects at risk of developing
pulmonary diseases [9]. However, there are limitations to the
frequent use of spirometry in primary care [10]. Firstly, the
spirometry is not a very portable apparatus, so it is not ideal
for monitoring individual patients. Secondly, it is expensive
as specific components consist of specialized disposable
accessories [11]. Thirdly, its use requires special training and
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Figure 1: Two instrument systems: (a) spirometry (b) smartphone game application.

periodical refresher training of primary care professionals.
[12, 13] Consequently, more convenient measures need to be
developed and evaluated for use in clinical settings.

In recent times, smartphone game-based assessment
(SGA) has been gaining in popularity as an alternative to
laboratory assessments. These measurements are suggested
as practical solutions for lowering cost as well as improving
accessibility, convenience, and portability [14]. An SGA
application requires that subjects perform physical activities
and makes it possible for users to monitor their physical
activity level while performing game-exercises [15]. Some
studies have investigated the effectiveness of smartphone
applications as assessment tools [14–16]. They found out that
the use of the SGA can be suitable for clinician analysis.
Breathing+ (Breathing+ package, Breathing Labs, Slovenia) is
a SGA, downloadable on a laptop or smartphone and requir-
ing a headset, which acts as a breathing trainer to enhance its
user's respiratory function. Joo, Shin [17] reported enhanced
respiratory function in stroke patients when intervention was
conducted using this application. However, it is unknown
whether this SGA can be used as an assessment tool beyond
a single treatment protocol in the pulmonary rehabilitation
of stroke patients. Hence, the aims of this study were (1)
to quantify the reliability of SGA for pulmonary function
and (2) to assess the validity of pulmonary function SGA in
comparison to spirometry.

2. Materials and Methods

2.1. Subjects. Thirty-four stroke subjects (age = 49.24 ±
8.25 years) recruited from the 'B' rehabilitation hospital
(Gyeonggi Province, South Korea), voluntarily participated
in the study (20 males, 14 females; Height 165.16 ± 8.23
cm; Weight 61.19 ± 8.26 kg; BMI 22.41 ± 2.77 kg/m2).
The inclusion criteria were a history of stroke of at least 6
months before the study; the ability to understand and follow
simple verbal instructions; a Minimental State Examination-
Korean version (MMSE-K) score >24 [18]; no facial palsy

or unrestricted movement of the lips; a forced expiratory
volume in one second (FEV

1
) < 93% of the predicted normal

value [19]; and no history of orthopedic, neurologic, or
cardiac conditions nor receptive aphasia, thoracic surgery
or abdominal surgery. The exclusion criteria were a his-
tory of cardiac and/or chronic pulmonary disease; clinical
signs of cardiac and/or pulmonary disease; presence of
severe visual disability or visual field defects; inability to
perform the tests; and the use of medications that could
cause dizziness. All participants were provided verbal and
written explanation of study procedures and they signed an
informed consent form prior to participation. TheUniversity
of Sahmyook Human Research Ethics Committee granted
ethical approval.

2.2. Instruments. Spirometry is a physiological test that
measures patient inspiratory and expiratory air volumes
as functions of time. In this study, pulmonary function
tests performed using the spirometer (SP-1, Schiller, USA)
(Figure 1) and the SGA were compared. This spirometer
unit satisfied all the American Thoracic Society (ATS, 2017)
recommendations for spirometry [20]. Forced vital capacity
(FVC), FEV

1
, predicted FVC (%), and predicted FEV

1
(%)

were the spirometric indices compared in this study because
they are the most important spirometric parameters and the
most commonly used indicators of disease severity in patients
with pulmonary disease [21, 22]. FVC is the volume delivered
during an expiration made as forcefully and as completely
as possible after full inspiration, and FEV

1
is the volume

delivered in the first second of an FVC maneuver. [22]
Breathing+ was the game application used for the evalu-

ation. (Figure 1)This game application consists of 14 different
games, all designed to guide the participants to maximum
inspiration and expiration through a headset. A smartphone
was placed on the table, and the participant sat in awheelchair
or chair. An adjustable table was used to enable participants
comfortably see the smartphone. Participants selected and
played the games they were familiar with. The game result
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Table 1: The mean and standard deviations of parameters of spirometry and SG.

Parameters Mean ± SD

Spirometer

FVC (L) 3.26 ± 1.07
FVC (%) 86.91 ± 25.92
FEV

1
(L) 2.47 ± 0.66

FEV
1
(%) 79.30 ± 18.36

GA Real-time (s) 8.5 ± 0.69
FVC=forced vital capacity; FEV1=forced expiratory volume in 1 second; GA=game-based assessment; SG=smartphone game.

Table 2: Mean ± SD and reliability measured with smartphone-game application.

Mean ± SD ICC (2,1) 95%CI 95% LOA SEM SEM (%) MDC MDC (%) CV (%)

Intra-test 8.4 ± 0.92 0.84 0.30∼2.33 0.37 4.41 1.02 12.22 24.84
(0.65-0.93)

Inter-test 8.9 ± 0.18 0.96 1.66∼3.80 0.3 0.41 0.10 1.16 15.04
(0.91-0.98)

CV=coefficients of variation of method error; ICC=intracorrelation coefficient; LOA=limits of agreement; MDC=minimum detectable change; SEM=standard
error of measurement.

showed the longest exhalation period, and the average exhala-
tion period in real time by measuring air pressure as detected
through the headset. We converted and used the average real-
time values for comparison.

2.3. Procedure. Two physiotherapists with experience of
spirometry in pulmonary rehabilitation conducted the pro-
cedures. All participants satisfied the standard recommenda-
tions and quality criteria (acceptability and repeatability) of
the American Thoracic Society/European Respiratory Soci-
ety guidelines [20]. The patients first performed spirometry
and then played the smartphone game (SG) two hours
later. There was no physical therapy or exercise performed
to minimize physiological changes [23]. The subjects were
re-evaluated using the same procedure and instruments at
the same time after 24 hours for test-retest reliability by
the same therapist and again re-evaluated using the same
procedure and instruments at the same time after 48 hours for
interrater reliability by the other therapist in this study. This
time interval was considered suitable to allow for stability
of the instruments over time while minimizing biological
variability [24]. Furthermore, feedback on test performance
was provided only after conclusion of all procedures to
minimize the risk of feedback from an earlier test influencing
performance on the next test [23].

2.4. Statistical Analysis . All measurements and values
obtained from spirometry and SGA were evaluated for
normality and homoscedasticity. Test-retest and interrater
reliabilities for SGA were determined using an intraclass
correlation coefficients (ICCs (2, 1)) with a 95% confidence
interval (95% CI) [24]. The different parameters of the 2
systems were standardized for concurrent validity.

The coefficient of variation of method errors (CVME) [25]
and 95% limits of agreement (LOA) [26] were calculated
for absolute comparison of values obtained from the 2
systems. In the formulas below, SDd represents the standard

deviation of the differences between the 2 tests and X
1
and

X
2
represent the 2 tests means. CVME values were converted

into percentages by calculating coefficients of variations of
method errors collected using SDd.

ME =
SDd
√2

CVME = 100 ×
(2ME)
(X

1
+ X

2
)

(1)

In addition, the standard error of measurement (SEM) values
was calculated using SDd as the square root of the mean
square error term from analysis of variance on data of
test-retest and interrater reliabilities. It can alternatively be
calculated using the formula below [27]:

SEM = SD × √ (1–ICC) (2)

And minimum detectable changes (MDC
95
) at a confidence

level of 95%, also known as reliable change or smallest real
difference, were calculated by multiplying the SEM by the z-
score associated with the desired level of confidence and the
square root of difference scores frommeasurements as below
[28]:

MDC
95
= z-score (95%CI) × √2 × SEM (3)

All statistical calculations were completed using the Med-
Calc� 2011 statistical software (version 11.5.1).

3. Results

The mean and standard deviations of parameters of spirom-
etry and SGA are presented in Table 1. ICC (2, 1) values
for SGA parameters based on expiratory time are listed in
Table 2. All parameters demonstrated excellent agreement
with ICC (2.1) values at 0.84 (95%CI, 0.65-0.93) for intratest
and 0.96 (95%CI, 0.91-0.98) for intertest. The SEM, SEM%,
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Table 3: Concurrent validity measured with spirometry and smartphone-game application.

Parameters ICC (2,1) 95%CI 95% LOA CV ( %)
FVC - GA 0.91 (0.83-0.95) 75.35∼142.22 19.34
FVC % - GA 0.92 (0.83-0.96) 74.22∼140.03 19.03
FEV

1
– GA 0.93 (0.86-0.96) 67.12∼126.72 17.23

FEV
1
% - GA 0.94 (0.89-0.97) 61.67∼116.37 15.82

CV=coefficients of variation of method error; FVC=forced vital capacity; FEV1=forced expiratory volume in 1 second; GA=game-based assessment;
SG=smartphone game; ICC=intracorrelation coefficient; LOA=limits of agreement.
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Figure 2: Bland-Altman Plot.

MDC, and MDC% for the SGA parameters are also listed in
Table 2.The SEM% ranged from 0.41% to 4.41%whileMDC%
ranged from 1.16% to 12.22% and CV% ranged from 15.04% to
24.84%. These values indicate strong and absolute reliability
and a low level of variation between the sessions (Table 2).
Table 3 shows ICC (2, 1) (95%CI), 95% LOA, and CV% values
in correlation with each parameter between spirometry and
SGA. The correlations are represented on the Bland Altman
plot in Figure 2.

4. Discussion

Technological advances in the medical field have facilitated
transition from bulky time-consuming devices to portable
time-saving on such as smartphone that run application like
Breathing+. The portable modern devices play an important,
albeit indirect role in pulmonary function rehabilitation by
measuring physiological effort. It was proposed that new
methods based on recent technological advances must be
evaluated and compared with established techniques. The
purpose of this study was to evaluate SGA and compare it
with spirometry. Overall, the results of this study suggest
excellent reliability and acceptable measurement errors.

Relative reliability, which examines the relationship
between repeated measurements and consistency among
raters, can be evaluated using ICC [29]. According to Fleiss’
classification, ICC values above 0.75 indicate excellent reli-
ability, values between 0.40 and 0.75 indicate fair to good
reliability, and values less than 0.40, indicate poor reliability
[30]. In this study, ICC values showed a strong correlation
between spirometry and SGA despite systematic differences
(intra-test: 0.84, inter-test: 0.96) and are shown in Table 2.
However, as suggested by Menz, Latt [31], a high ICC value
does not necessarily mean excellent reliability even though
ICC is a more appropriate indicator of reliability than simple
correlation coefficients such as Pearson’s or Spearman’s rho.
Therefore, both CV and LOA were calculated to decrease
the intrinsic limitation effects and ensure excellent reliability.
CVME represents the differences in values collected from the
2 systems as a percentage and can be used in clinical settings
as an indicator of consistency since it is unaffected by sample
heterogeneity [31]. The 95% LOA represents the expected
range of difference between measurements, which is used
to identify the presence of significant bias when they are
repeatedly assessed.These results are shown in Tables 2 and 3.
The SDd of the test means that 0.92 and 0.18 were considered
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reliable. Bland and Altman [26] suggested the data not be
used to assess repeatability if the SDd differs significantly
from zero.

SEM is calculated to estimate absolute reliability, which
describes the within-participant variability attributable to
repeated measures [29]. In this study, SEM calculated for
intra- and intertests were expressed as percentages of the
mean (SEM%) and showed a low level of measurement error,
between 0.41% and -4.41%, which indicates strong absolute
reliability. Small SEM values for SGA parameters indicate
that SGA values were stable and reproducible over time,
thereby implying precision in measurement [32]. A true
change in the parameter of interest can be determined by
assessing statistical significance and incorporating MDC or
MDC% into clinical decision-making [29]. MDC indicates
the minimum amount of change required to distinguish a
true performance change from a change due to variability in
performance or measurement error. [29] Since it is defined as
the degree of sensitivity to change, MDC is used to determine
actual occurrence of change over 2 measurement sessions
[28]. Darter, Rodriguez [23] suggested that only MDC values
less than 10% signify meaningful change. Relatively lowMDC
values (1.16%-12.22%) were obtained in this study when
expressed as percentages of means. (Table 2) Moreover, as
suggested by Bland and Altman [26], correlation analysis had
to be followed by more specific investigations such as ICC
and Bland-Altman plot to define agreement levels between
the different systems. Figure 2 shows a correlation between
parameters of spirometry and SGA. These findings indicate
that SGA can confidently be used for clinical purposes as an
alternative to spirometry as it circumvents the need for costly,
frequent, and inconvenient testing in the clinic.

There are limitations to be recognized in this study.
The sample size for our analysis was relatively small. It is
possible that our results would have differed with a larger
sample size. Although we have considered and standardized
the real time SGA parameters with those of spirometry, the
results of our study are not generalizable to other pulmonary
function assessment devices. Another possible limiting factor
of this study is the effect on results of learning during re-
evaluation while using spirometry and/or SGA. The patients
may have been motivated to use the instruments better
through learning which would have affected the outcome.

This study is the first to investigate the reliability and
validity of SGA in stroke patients. Conventional spirometers
are not ideal for use in clinical settings for a variety of
reasons, such as problems with continued use of damaged
mouthpieces or incorrect use by patients. The SGA has the
advantages of ease of setup, simplicity of use, and affordability
which circumvent the shortcomings of conventional spirom-
eters and make daily pulmonary function monitoring more
attractive to patients. The SGA system could provide an inter-
esting opportunity to promote home-based physical activity
training sessions. Therefore, further research is needed to
investigate differences in reliability and validity between the
modern SGA system and the established spirometric setup
in stroke patients with a view to optimizing outcome. In
this study, excellent reliability and acceptable measurement
errors were observed in SGA and spirometry. It is presumed

that the study findings were due to the similarities between
the SGA method requiring long-duration breathing and the
spirometric measurement method for respiratory volumes
and duration. This suggests that clinicians could benefit
from using the SGA system by correlating SGA data to
observed changes in functional status or to the quality of life
postintervention.

5. Conclusion

We compared SGA and spirometry as certified pulmonary
function test system. The SGA data were statistically signifi-
cant and reliable for pulmonary function assessment in stroke
patients. The SGA system will therefore be useful in clinical
practice for the monitoring and rehabilitation of pulmonary
function in stroke patients.
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