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Purpose: The commercialization of sleep activity tracking devices has made it possible to manage sleep quality at home. However, it
is necessary to verify the reliability and accuracy of wearable devices through comparison with polysomnography (PSG), which is the
standard for tracking sleep activity. This study aimed to monitor overall sleep activity using Fitbit Inspire 2™ (FBI2) and to evaluate
its performance and effectiveness through PSG under the same conditions.

Patients and Methods: We compared the FBI2 and PSG data of nine participants (four male and five female participants; average
age, 39 years) without severe sleeping problems. The participants wore FBI2 continuously for 14 days, considering the period of
adaptation to the device. FBI2 and PSG sleep data were compared using paired #-tests, Bland—Altman plots, and epoch-by-epoch
analysis for 18 samples by pooling data from two replicates.

Results: The average values for each sleep stage obtained from FBI2 and PSG showed significant differences in the total sleep time
(TST), deep sleep, and rapid eye motion (REM). In the Bland—Altman analysis, TST (P = 0.02), deep sleep (P = 0.05), and REM (P =
0.03) were significantly overstated in FBI2 compared to PSG. In addition, time in bed, sleep efficiency, and wake after sleep onset
were overestimated, while light sleep was underestimated. However, these differences were not statistically significant. FBI2 showed
a high sensitivity (93.9%) and low specificity (13.1%), with an accuracy of 76%. The sensitivity and specificity of each sleep stage was
54.3% and 62.3%, respectively, for light sleep, 84.8% and 50.1%, respectively, for deep sleep, and 86.4% and 59.1%, respectively for
REM sleep.

Conclusion: The use of FBI2 as an objective tool for measuring sleep in daily life can be considered appropriate. However, further
research is warranted on its application in participants with sleep-wake problems.
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Introduction
Sleep is essential for maintaining a healthy life. Inadequate sleep increases the risk of cardiovascular disease, type 2
diabetes, and hypertension." In a recent study, shorter sleep duration was associated with 1.28 times higher risk of
metabolic syndrome.” The average sleep time of Koreans is 6.76 hours, which shows a general trend of getting shorter
over time.> The number of patients with sleep disorders has also increased by 8% annually over the past five years, and
the number of patients with sleep disorders was 650,000 as of 2020.* Warning values for these sleep states lead to an
interest in sleep products that help healthy sleep. Therefore, the use of wearable devices that easily measure sleep status
in daily life has increased.” Moreover, as the interest in sleep health has increased, research focused on verifying the
reliability and accuracy of wearable devices has expanded.®

Polysomnography (PSG), an accurate standard method for measuring sleep, has been widely used in research on
objective sleep assessments.” However, the measurement of PSG takes eight to ten hours, and there is a limit to
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measuring the usual sleep time by conducting the test in an unfamiliar environment. Therefore, the test requires time,
effort, and payment.5 To overcome these limitations, a wrist-worn Fitbit, which is a non-invasive method certified by the
Food and Drug Administration, is used.®

The latest Fitbit, manufactured after 2017, uses a sleep stage evaluation method that monitors data at regular intervals
for waking and sleeping times through a motion sensor and heart rate measurement. Compared with the initial model, it is
possible to evaluate not only sleep parameters but also sleep stages.” Therefore, it is possible to effectively use Fitbit for
routine sleep monitoring and clinical sleep evaluation in patients with sleep or mental disorders. In addition, the
continuous management of sleep habits is possible.'®!" However, Fitbit has a limitation in that it only uses information
collected after measuring sleep based on movement and heart rate, unlike PSG, which detects sleep stages through
biosignals.

Certain differences exist in the reliability and accuracy based on the Fitbit model; hence, many comparative studies
using PSG have been reported to evaluate the effectiveness of Fitbit.'> Overall, Fitbit showed high sensitivity (0.95-0.96)
and relatively low specificity (0.58—0.69) for sleep detection in a meta-analysis of the accuracy of Fitbit and PSG, which
can evaluate sleep stages. Wake time after sleep onset (WASO), total sleep time (TST), and sleep efficiency (SE) did not
differ from those of PSG. However, the sleep onset latency is underestimated.'® Thus, Fitbit is considered an alternative
to collecting objective sleep data, which was previously only available through PSG in the laboratory.'*

Nevertheless, studies comparing the validity of Fitbit and PSG are limited because most studies were one-time
experiments.'> In addition, the first-night effect occurred in 50% of the participants, as the experiment was conducted in
an unfamiliar laboratory different from the familiar environment at night. Moreover, 66-81% of participants reported
discomfort during sleep due to the simultaneous use of several unfamiliar devices.'® These problems decreased the
participants’ sleep quality during the experiment, which affected the interpretation of the sleep study results.

Therefore, it is necessary to compare the results obtained from the everyday wear of a device and repeated
measurements with PSG to verify the reliability of the Fitbit. This study aimed to evaluate the accuracy and reliability
of Fitbit by comparing the results obtained from the Fitbit Inspire 2™ (FBI2) and PSG with repeated measurements after
using the device for a certain period.

Materials and Methods
Study Participants and Study Design

Study Participants

This study was conducted from October 2021 to December 2021, targeting 12 participants aged between 20 and 55 years
living in Daejeon without severe sleep disorders. Based on the mean difference and standard deviation of TST measured
using Fitbit and PSG in previous studies, 9 participants were selected with a significance level of 5% and a power of 80%
and a total of 12 participants were calculated by applying a dropout rate of 20%.'”'® The participants were recruited
through a recruitment notice at D Hospital in Daejeon. Written informed consent was obtained from all the participants.
The criteria for selecting participants were adults between the ages of 20 and 55 years and those with mild to moderate
insomnia, as indicated by a score of 8-21 on the insomnia severity index (ISI)."” The following participants were
excluded: those with sleep disorders, psychiatric disorders, internal and external medical disorders, and musculoskeletal
disorders; those taking psychiatric/neurological drugs, including sleeping pills; and those with irregular sleep-wake
cycles, such as shift work. The subject’s conformity assessment was performed through a doctor’s examination,
questionnaire, and blood tests. The study was approved by the institutional review board of the Daejeon Korean
Medicine Hospital of Daejeon University (approval number: DJIDSKH-21-BM-15), and conducted in accordance with
the Declaration of Helsinki.

Study Design

In this study, a total of three visits to the hospital were performed: subject registration (visit one), the first comparison of
the Fitbit (FitBit® Inc, San Francisco, California, USA) and PSG (one week after visit one), and the second comparison
of the Fitbit and PSG (two weeks after visit one). The Fitbit was worn continuously for 14 days, which was the study
period, considering the participant’s adaptation period to the Fitbit. After being admitted to the hospital for two days and
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Missing Fitbit and PSG data (n=2)

Data analysis (n=9)

Figure | Flow diagram for selection of study participants. PSG, polysomnography.

one night, PSG was measured during sleep by PSG professional medical staff. At this time, the measurement was
conducted while wearing the Fitbit. During the PSG measurement, the researcher recorded the sleep diaries before and
after the participants slept, and continuously monitored the safety status of the participants. Twelve participants were
enrolled, and data from nine participants who completed the three visits were included in the final analysis (excluding
data from one dropout and two missing data from the Fitbit) (Figure 1).

Study Tools
PSG

The patients underwent PSG twice. Routine activity was maintained before the start of PSG. However, consumption of
caffeine, tobacco, and alcohol was discouraged. The temperature, humidity, and illuminance of all PSG rooms were kept
the same, and all the participants wore the same lab coat. The measurement was conducted at 8 p.m. in the sleep PSG test
room before the test, and two professional sleep PSG technicians took turns conducting the test while the subject slept.
Rechtschaffen and Kales sleep phase scoring was calculated based on a 30-second epoch in accordance with standard
guidelines.”® Compumedics/Siesta 802a was used as the PSG instrument, and a certified polysomnographic technician
performed a standardized method. The sensors were connected to measurement locations, such as the head, face, trunk,
and lower extremities. Various biosignals such as respiration, snoring, electroencephalogram, electrooculogram, electro-
myogram, electrocardiogram, body position, and blood oxygen concentration of the participants were detected through
sensors. In addition, the sleep stages were identified by recording the entire night’s sleep time. The variables used for
PSG analysis were as follows: time in bed (TIB; min), TST (min), SE (%), WASO (min), Stages 1-3 (min), and total
rapid eye motion (REM) sleep time (min).
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FBI2

The collected sleep activities and patterns were accessible through a mobile app with the subject’s consent. The device was worn
before bedtime to the following morning in the laboratory, excluding shower time. A fully charged device was used in this study.
Fitbit data were extracted by assigning sleep and wake stages of 30-seconds for epoch-by-epoch (EBE) analysis. Sleep
information obtained through FBI2 was matched with PSG variables as follows by referring to sleep parameters on the Fitbit
website:*' TIB (min), TST (min), SE (%), WASO (min), total REM sleep time (min). For comparison against FBI2 staging
classifications, a summation of stages one and two was calculated to represent light sleep and stages three and four was
considered deep sleep.

Data Analysis and Statistical Methods

Data from nine participants were included in the final analysis. Eighteen cases were analyzed by integrating the data of
the two visits with both Fitbit and PSG data. The mean and standard deviation (SD) values are presented for continuous
variables, such as the demographic characteristics of the study participants. The frequency and percentage values are
presented for categorical data. These were used for analysis by referring to the standard methods for evaluating the
performance of sleep PSG and sleep trackers.”> A paired t-test was used to compare the results of the sleep parameters.
The overall agreement of the results was analyzed using the Bland—Altman plot and EBE comparisons. Statistical data
analysis was performed using SPSS Version 24 (SPSS, IBM Corp.) and R version 4.1.0 (The R Foundation for Statistical
Computing). A two-sided test was performed, and statistical significance was set at a P value of < 0.05.

Bland—Altman Method

The Bland—Altman method displays the difference between the two measurements and compares the distribution of the
differences. In this study, the difference and SD between the two measurements, the 95% confidence interval for the
difference, and the lower and upper limits of agreement (difference of mean [1.96 SD]) for TIB, SE, TST, WASO, light
sleep, deep sleep, and REM presented by PSG and Fitbit were calculated and visually displayed on a plot.

EBE Comparisons

To compare the epoch between the two measurement methods, only the data measured simultaneously for each method
were used for the analysis. The stages of each measurement were changed as follows: In the PSG, awake was changed to
WASO, and Stages 1, 2, 3, and REM were changed to sleep. In the Fitbit, wake was retained as wake, and light, deep,
and REM were changed to sleep. In addition, because the time interval between the epoch measurements was not the
same, the epoch measurement time interval for each method was changed to 30s before recording. When both wake and
sleep stages were measured in the 30-second block, they were coded as wake stages. Agreement, sensitivity, specificity,
positive predictive value, and negative predictive value were evaluated using the classified data.?

Results

General Characteristics of Participants
The general characteristics of the nine participants are presented in Table 1. There were four males (36.4%) and five
females (45.5%), and the mean ISI score was 13.7 (4.4).

Comparison Between FBI2 and PSG

Table 2 shows the results of the comparison between the FBI2 and PSG using 18 data samples combined from visits two
and three. Statistically significant differences were observed between the Fitbit and PSG in TST, deep sleep, and REM
sleep (P < 0.05). The Fitbit and PSG TST showed a difference of 17.91 minutes. Deep sleep in the Fitbit was 14.67
minutes longer than in the PSG. Other variables showed no differences between the Fitbit and PSG.

Bland—Altman Mean Difference Analysis
Figure 2 shows the comparison of differences and distributions between the Fitbit and PSG measurements by Bland—
Altman analysis. From the results of the Bland—Altman comparison, TST (P = 0.02), deep sleep (P = 0.05), and REM
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Table | Participant Characteristics

Variables n=9 (%)
Gender
Male 4 44.4
Female 5 55.6
Age (years) 39.0+8.0
Height (cm) 167.5+8.3
Weight (kg) 66.8+15.2
BMI (kg/m?) 23.6%3.3
Drinking
Yes 3 333
No 6 66.7
Smoking
Yes 6 66.7
No 3 333
ISI
Mean 13.7+4.4
Mild (8-14) 5 55.6
Moderate (15-21) 4 44.4

Abbreviations: BMI, body mass index, IS, insomnia sever-
ity index.

Table 2 PSG and Fitbit Inspire 2 Sleep Outcomes Using Full Sample (n=18)

Variables Fitbit PSG t p-value
MeantSD +95% CI MeantSD +95% CI
TIB (min) 414.94£88.93 | 370.72~459.17 | 413.81+52.25 | 387.82~439.79 | 0.076 0.940
TST (min) 364.33+79.98 | 324.56~404.11 346.42+73.89 | 309.67~383.16 | 2.487 0.024
SE (%) 87.8314.32 85.68~89.98 83.68+14.03 76.70~90.66 1.364 0.190
WASO (min) 50.61+21.85 39.74~61.48 40.25+49.55 15.61~64.89 0.757 0.459
Light sleep (min) 225.39+52.45 199.30~251.47 | 231.75+47.37 | 208.19~255.31 -0.485 | 0.634
Deep sleep (min) | 64.28+27.27 50.72~77.84 49.61%35.10 32.16~67.07 2.104 0.051
REM (min) 74.67+24.70 62.38~86.95 65.06+27.70 51.28~78.83 2.308 0.034

Notes: Light sleep (Stage |1+2); deep sleep (Stage 3); p-value calculated by paired t-test.
Abbreviations: PSG, polysomnography; Cl, confidence interval; SD, standard deviation; TIB, time in bed; TST, total sleep time; SE, sleep
efficiency; WASO, wake after sleep onset; REM, rapid eye movement.

(P = 0.03) measured by FBI2 were significantly overestimated. TIB (P = 0.94), SE (P = 0.19), and WASO (P = 0.46)
tended to be overestimated but were not statistically significant. In addition, light sleep (P = 0.63) was underestimated but
was not statistically significant. In the Bland—Altman plot, all measurements except one case were in the 95% confidence

interval, indicating a high degree of agreement.
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Figure 2 Bland-Altman plots of the FBI2 versus PSG. Bland—Altman plots presenting the different values of the FBI2 and PSG on the y-axis against PSG values on the x-axis
across TIB, TST, SE, WASO, light sleep (Stage 1+2), deep sleep (Stage 3) and REM. The horizontal solid blue line denotes the average mean difference, while the dashed lines
represent the 95% confidence interval (or lower-upper agreement limit). FBI2, Fitbit Inspire 2™.

Abbreviations: PSG, polysomnography; TIB, time in bed; TST, total sleep time; SE, sleep efficiency; WASO, wake after sleep onset; REM, rapid eye movement.

Fitbit and PSG EBE Comparisons

The sensitivity and specificity of total sleep, light sleep, deep sleep, and REM sleep were investigated for each sleep
stage in the FBI2 and PSG by EBE analysis. For total sleep, FBI2 had low specificity (13.1%), high sensitivity (93.9%),
and moderate-to-low accuracy (76.0%). For light sleep, FBI2 showed a relatively low sensitivity (54.3%), specificity
(62.3%), and accuracy (59.1%), while sensitivity to deep sleep (84.8%) and REM sleep (86.4%) was moderate. However,
the accuracy was high for deep (98.2%) and REM sleep (92.3%). Deep sleep (50.1%) and REM sleep (59.1%) showed
a moderate-to-low specificity (Table 3).

Discussion

In this study, we compared the results of FBI2 with those of PSG through two repeated experiments at intervals of one
week under the same conditions to evaluate the effectiveness of sleep and wake measurement function of FBI2 in nine
participants without sleep disorders. This is a supplementary study verifying Fitbit’s accuracy. The two main results of

Table 3 Sensitivity, Specificity, and Accuracy of Fitbit Inspire 2 Compared with PSG Using Full

Sample (n=18)
Category Sensitivity (%) Specificity (%) Accuracy (%) PPV (%) NPV (%)
Total sleep 93.9% 13.1% 76.0% 79.2% 38.0%
Light sleep 54.3% 62.3% 59.1% 49.2% 67.0%
Deep sleep 84.8% 50.1% 83.7% 98.2% 9.5%
REM 86.4% 59.1% 82.3% 92.3% 43.2%

Notes: Light sleep (Stage |+2); deep sleep (Stage 3).
Abbreviations: PSG, polysomnography; PPV, positive predictive value; NPV, negative predictive value; REM, rapid eye movement.
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this study are as follows: First, the FBI2 variables TST, deep sleep, and REM sleep were significantly overestimated.
Second, the total sleep result showed a sensitivity of 93.9%, specificity of 13.1%, and accuracy of 76.0%. Therefore, the
accuracy of each sleep parameter was determined.

Bland-Altman’s comparison evaluated the performance of FBI2 through sleep variables for PSG, which was
consistent with the results of Bland—Altman’s paired ¢-test. The study results showed significant differences in TST,
deep sleep, and REM sleep among the sleep variables measured twice using PSG and FBI2.

The mean difference between FBI2 and PSG in the TST was 17.9 minutes and 14.67 minutes in deep sleep, which
was significantly overestimated. Previous studies have shown that there is a significant mean difference between the PSG
and sleep measurement wearable devices, wherein sleep measurement wearable devices make that overestimation. In
a previous study that performed PSG using the Fitbit Alta HR on 49 participants, TST and deep sleep were significantly
overestimated, similar to the results obtained in this study.18 In addition, SE was 4.15%, and WASO was 10.36 minutes,
which was overestimated. WASO is mainly found in patients with sleep disorders; in previous studies when comparing
WASO with insomnia and healthy individuals, in the healthy individual group, the standard deviation was found to be
greater than the average value.”**> In addition, other previous studies have demonstrated the standard deviation to be
large; moreover, no significant results were explained as a limitation of the small number of participants.”® Considering
the limitations of this study, the number of participants was small, and the average value of WASO was determined to be
greater than the standard deviation by analyzing the general public.

The Bland—Altman plot was included in the 95% confidence interval, indicating a constant value. This is contrary to
the results of a previous study in which the agreement between the Fitbit and PSG was lower as WASO increased in the
Bland—Altman plot when the Fitbit Alta HR device was used for patients with insomnia. This conflicting result might be
because the participants in this study did not have sleep disorders.?” Therefore, the accuracy was confirmed to be high
when FBI2 was used in participants with sleep disturbance. Light sleep was underestimated by —6.36. In a previous study
that compared Withings Pulse O2 with PSG in 40 healthy adults, light sleep (average bias of 79 min) was also
underestimated, which is similar to the results of this study.*®

The sensitivity of the participants for the total sleep stage of FBI2 was 93.9%, indicating that sleep was accurately
detected. However, the specificity for detecting total sleep stage was relatively low (13.1%). This is consistent with the
results of the evaluation of the sleep effectiveness of the wrist-worn wearable device based on PSG results. Therefore, it
was verified that these devices could accurately measure sleep owing to their high overall sensitivity and low
specificity.”’ The low specificity of the Fitbit is related to the perception of sleep when there is no movement.
However, the latest Fitbit detected more accurately the wake epoch, or WASO, during sleep.'® Nevertheless, compared
with the results of other studies using Fitbit with a similar algorithm, the sensitivity in this study was similar. However,
the specificity (0.58 to 0.69) is slightly lower.'*> Therefore, although repetitive measurements were performed in this
study, it can be inferred that the subject slept with minimal movement in an uncomfortable state in hospital-based
laboratories, unlike sleep at home.

The first-night effect is mainly observed in patients with insomnia, and this study was conducted in the general public;
thus, the first night effect was not substantially applied.>° However, the results were compared by repeated measurements
to collect accurate sleep information using sleep polysomnography based on previous studies that demonstrated the sleep
polymorphism test record to be critical for two consecutive days.>' The test results of the first and second visits were
similar in the participants of this study; thus, the first night effect did not appear (the results are not presented).

To supplement this, we propose making the laboratory environment similar to that of a home. In this study, the
accuracies of light sleep, deep sleep, and REM sleep were 59.1%, 83.7%, and 82.3%, respectively. In a comparative
study of Fitbit Charge 2 and PSG for shift workers, the accuracy of light sleep was 0.49, deep sleep was 0.78, and REM
sleep was 0.86, which was similar to the results of previous studies.*” In a systematic literature review of each Fitbit
model, the accuracy of sleep parameters through EBE analysis was 0.69~0.81 for light sleep, 0.36~0.89 for deep sleep,
and 0.62~0.89 for REM sleep.'* Compared with the results of this study, the accuracy of light sleep was low, whereas
deep sleep and REM showed high accuracy.

In a recent study, large-scale data collection became possible as the demand for Fitbit increased. Therefore, a rapid
growth trend may occur.* Fitbit devices can measure not only sleep, but also heart rate and physical activity. The validity
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of various Fitbit device models was evaluated through meta-analysis and discovered as an important factor of validity
events in heart rate function and physical activity measurement function.** Sleep disorders or changes in sleep status can
be monitored to predict health by validating the Fitbit devices. Considering this, this study confirmed the possibility of
using FBI2 and FBI2 as screening tools for sleep stage measurement in daily life.

The advantages of this study are as follows: First, by comparing Fitbit and PSG for Koreans, the sleep characteristics
of Koreans were reflected in the same environmental conditions. Therefore, the condition for increasing the reliability of
the Fitbit was satisfied. Second, the recently standardized criteria to confirm the accuracy of the sleep tracking device
through the EBE analysis method were applied using the main sleep parameters.** Third, there was a period of adaptation
to the laboratory environment using the data measured twice with a one-week interval.

The limitations of this study are as follows: First, because this was an exploratory study with only nine participants,
the sample size was small, which may have affected the accurate comparison of the FBI2 and PSG. Therefore, we
analyzed the total number of participants measured per visit to compensate for this limitation. Second, the accuracy was
relatively low because of the characteristics of the FBI2 device, the sleep measurement mode of which was not classified
in detail. Third, the sleep parameters of the Fitbit were defined arbitrarily, unlike the interpretation of PSG polysomno-
graphic technologists. Therefore, there were limitations to this interpretation.

Conclusion

This study compared sleep PSG and FBI2 with repeated measurements in the same sleep experimental environment in
adults who felt uncomfortable with sleep. This study is meaningful in that it is the first exploratory study to verify the
accuracy of the FBI2 and found the possibility of its use as an objective sleep indicator. By demonstrating nearly
consistent results with previous studies upon comparison with Fitbit and PSG, the FBI2 can be used to monitor sleep
health owing to its usability aspect, thereby supporting its use as an alternative to PSG.
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