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INTRODUCTION

Since 2014, the use of wearable devices such as smart 
watches has become increasingly common in the healthcare 
field.1) In particular, many reports have discussed fitness 
trackers that measure physical activity with a built-in ac-
celerometer,2,3) and levels of reliability have been reported.4) 
By assessing changes in heart rate and respiratory rate, these 
devices can provide an accurate picture of overall health 
in daily life, especially when used with other information 
regarding physical activity.

Most wrist-worn devices measure heart rate through the 

principle of photoplethysmography (PPG). PPG measures 
the heart rate by sensing the blood flow in capillaries based 
on the amount of reflected green light from a light-emitting 
diode (LED) reaching a photodiode. However, PPG may 
also recognize and record large continuous body movements 
(more intense than walking) as heart rates because of their 
similar frequencies. Moreover, the fitness and skin color of 
the wearer can also affect the measurement. Conventional 
wrist-worn heart rate sensors are designed to display esti-
mated values with compensation for errors caused by body 
movement, but the detection of heart rate abnormalities, such 
as tachycardia and extra-phase heartbeats, is difficult.
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Objectives: Wearable devices such as fitness trackers have become popular in the healthcare field. 
Tracking heart rate and respiratory rate, in addition to physical activity, may provide an accurate 
picture of daily health. We believe that a combination of two types of devices can simultaneously 
measure and record physical activity, heart rate, and respiratory rate. However, the measurement 
accuracies of these two types of devices are not clear. This study aimed to determine the measure-
ment accuracies of two wearable devices for heart and respiratory rate measurements. Methods: 
Ten healthy men performed  incremental load tests (ILTs) and constant load tests (CLTs) on a cycle 
ergometer. The heart and respiratory rates were measured using wrist-worn (Silmee W22, TDK, 
Japan, Tokyo) and respiratory tracking devices (Spire Stone, Spire Health, San Francisco, CA, 
USA), respectively. A 12-lead electrocardiograph and the breath-by-breath method were used as 
external standards for heart and respiratory rates, respectively. Results: Bland–Altman analysis 
showed that heart rate had a fixed bias at rest and during ILT and CLT and had a proportional bias 
during CLT. The standard error values of the regression at rest and during CLT were less than 10 
bpm for heart rate and less than 5.0 /min for respiratory rate. During ILT, the standard error was 
greater than 10 bpm for heart rate and approximately 5.0 /min for respiratory rate. Conclusions: 
The heart and respiratory rate measurements obtained using wearable devices were accurate 
within the practical margin of error.
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To date, the only device reported to be capable of accurate 
measurement of respiratory rate is a sensor worn on the 
chest.5,6) Tight-fitting smart shirts, which are equipped with 
sensors, can simultaneously measure physical activity, heart 
rate, and respiratory rate. These functional garments report-
edly have high measurement accuracy during various forms 
of exercise.7,8) However, they are not suitable for everyday 
repetitive use because a gel is needed to adhere the electro-
cardiograph (ECG) sensor to the skin. In addition, a study 
that examined the usability of wearable devices in older Irish 
people found that shirt-type sensors did not perform as well 
as other devices in terms of usability, acceptability, and mo-
tivation.9) To improve compliance, the study recommended a 
watch-like device that can be worn easily.9)

We believe that combined use of two types of devices, 
which are easy to use repeatedly in daily life, can simulta-
neously record physical activity, heart rate, and respiratory 
rate. However, the measurement accuracies of these devices 
are not clear. The purpose of this study was to compare the 
accuracy of heart rate and respiratory rate data recorded by 
different wearable devices with measurements recorded by 
standard methods.

MATERIALS AND METHODS

Participants
Ten healthy men [age 26 ± 3 years; height, 171.3 ± 3.2 cm; 

weight, 62.1 ± 7.2 kg; body mass index, 21.1 ± 2.2 kg/m2 
(means ± SDs)] participated in this study. Grounds for exclu-
sion from the study were age younger than 20 years, underly-
ing disease, or the inability to complete the exercise tests.

Ethical Considerations
This study was conducted with the approval of the Ethics 

Committee of Akita University Hospital (approval number 
2498). In accordance with the Declaration of Helsinki, 
the subjects were fully informed about the purpose of the 
research and their voluntary written consent was obtained 
regarding participation in the study and the handling of their 
research-related personal information.

Wearable Devices
Heart Rate Monitoring Device

The heart rate was measured with a wrist-worn device 
(Silmee W22, TDK, Tokyo, Japan) that measured physical 
activity10) and heart rate through PPG. To obtain more ac-
curate data, this device was designed to use estimated heart 
rate values in such a way that in the case of large body move-

ments, wrong values were not recorded. In addition, the de-
vice included a function to automatically adjust the amount 
of LED light emission because heart rate measurement with 
LED sensors may vary according to individual differences in 
blood flow and skin temperature.

Respiratory Rate Monitoring Device
The respiratory rate was measured with a respiratory 

tracking device (Spire Stone, Spire Health, San Francisco, 
CA, USA) that used a built-in pressure sensor to monitor the 
depth of respiration based on the expansion and contraction 
of the abdomen or chest. When the device detected a large 
body movement, it switched to activity mode and counted 
the number of steps taken instead of the respiratory rate. 
The device was also capable of converting the respiratory 
patterns and activity into processed data by a proprietary 
algorithm to determine when a person was breathing slower, 
faster, more irregularly, or more consistently than usual, 
based on the consistency of the “baseline” respiratory rate. 
The respiratory patterns were classified according to speed 
and regularity as: calm (slow and smooth respiratory 
rhythm), focus (medium and stable respiratory rhythm), and 
tense (fast and unstable respiratory rhythm). Furthermore, 
the waveform and respiratory rate were displayed in real 
time on a smartphone connected via Bluetooth.

Heart Rate and Respiratory Rate Monitors
The heart rate was measured every 60 s with a wrist-worn 

device. The measured values were recorded in the device’s 
internal memory and output was generated using the desig-
nated analysis software (Silmee ProWx, TDK, Tokyo, Japan). 
As an external standard, a 12-lead ECG sensor (FX-7542, 
Fukuda Denshi, Tokyo, Japan) was used to measure heart 
rate.

The respiratory rate was recorded every 30 s using the 
designated respiratory device, with real-time readings dis-
played on a smartphone. As an external standard, the breath-
by-breath method was applied to measure respiratory rate 
using an exhaled gas analyzer (Aeromonitor AE-310, Minato 
Medical Science, Tokyo, Japan).

Exercise Protocol
Each participant wore the two wearable devices, and heart 

rate and respiratory rate were measured during exercise tests 
performed on a cycle ergometer. Two types of exercise tests 
were conducted: the incremental load test (ILT) and the 
constant load test (CLT).

The ILT began with 4 min of rest and a 4-min 20-W warm-
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up, followed by a continuous 2-W increase in the work load 
every 6 s. Participants were instructed to maintain cadences at 
60 rpm. The ILT was terminated when the heart rate reached 
85% of the maximum heart rate (THR), systolic blood pres-
sure was greater than 220 mmHg or progressively decreased, 
oxygen saturation was less than 90%, cadences were reduced, 
or when other subjective symptoms were noted.

The intensity of the CLT was calculated from the maximum 
intensity of motion (peak load) obtained during ILT. The 
CLT started with 3 min of rest, followed by 6 min of cycling 
at 30% of the peak load, and then the load was increased 
to 60% of the peak load for 6 min (12 min in total). To ac-
count for the delay in the respiratory circulation response to 
exercise, we analyzed the data obtained in the last 3 min at 
both intensities.

Statistical Analysis
Data were used to calculate the mean ± SD for continuous 

variables. The presence of systematic errors was investigated 
using Bland–Altman analysis, and the limits of agreement 
(LOAs) were calculated to clarify the range of practical er-
rors. In addition, single regression analysis was performed 
with measurements obtained from the wearable devices 
as the independent variables and external criteria (heart 
rate measured by ECG and respiratory rate measured by 
the breath-by-breath method) were used as the dependent 
variables. First-order regression lines were calculated for 
measurements obtained at rest and during ILT and CLT. R2 
and the mean absolute error (MAE) were calculated using 
the grouped tenfold cross-validation method to test model 
fitting. R version 3.6.1 (R Foundation for Statistical Comput-
ing) and RStudio version 1.2.5042 (RStudio, Boston, MA, 
USA) were used for statistical analysis. The level of signifi-
cance was set at P <0.05.

RESULTS

All participants completed both the ILT and ILR exercise 
tests. The reasons for termination of the ILT were decreased 
cadence in seven subjects and 85% THR attained in three 
subjects. Data relating to a sudden drop in the heart rate 
(<80 bpm measured with a wrist-worn device or a difference 
between measured heart rates  >20 bpm) during ILT were 
excluded from the analysis as measurement errors (Fig. 1). 
In such cases, it was considered that the wrist-worn device 
measured pedal cadence rather than heart rate, and visual 
observation was able to confirm such measurements as in-
correct.

Systematic Bias
The mean differences in heart rate between the wrist-worn 

device and ECG were −1.6 ± 4.2 bpm during ILT, 6.1 ± 9.9 
bpm during CLT, and −0.8 ± 6.3 bpm at rest. The mean dif-
ferences in respiratory rate between a wrist-worn device and 
the breath-by-breath method were 0.5 ± 2.0 /min during ILT, 
−1.6 ± 2.2 /min during CLT, and −0.9 ± 2.3 /min at rest.

The results of the Bland–Altman analysis are given in 
Table 1, and the data were used to construct Figs. 2–4. The 
heart rate showed fixed bias at rest as well as during ILT and 
CLT and showed proportional bias during CLT. At rest and 
during ILT, there was no proportional bias in heart rate. The 
respiratory rate had fixed bias during ILT and CLT. More-
over, proportional bias was observed at rest and during ILT 
and CLT. There was no fixed bias at rest for respiratory rate. 
The limit of agreement (LOA) of heart rate at rest was within 
±10.0 bpm, whereas it was outside the range of ±10.0 bpm 
during ILT and CLT. The LOA of respiratory rate was within 
±5.0 /min at rest, whereas it ranged from −6.24 to 2.69 /min 
during ILT and from −5.48 to 3.71 /min during CLT.
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Fig. 1. Correlation between heart rate measured with wrist-
worn device and that measured with electrocardiogram 
(ECG) during incremental load test. Sudden drops in the 
heart rate (<80 bpm measured with a wrist-worn device or 
a difference between measured heart rates >20 bpm) during 
ILT were excluded from the analysis as measurement errors 
because the wrist-worn device likely detected the pedal ca-
dence. Visual observation clearly determined that such mea-
surements were inappropriate. bpm, beats per minute.
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Table 1. Summary of the results of Bland–Altman analysis

Fixed bias Proportional bias
LOA

95% CI Y/N r P value Y/N

Wrist-worn device heart 
rate

Rest −3.19, −0.07 Y −0.055 0.780 N −9.79, 6.53
ILT −17.66, −7.12 Y −0.152 0.420 N −38.31, 12.93
CLT −7.04, −2.19 Y 0.382 0.004 Y −22.22, 12.98

Respiratory tracking 
device respiratory rate

Rest −0.18, 1.24 N −0.353 0.030 Y −3.79, 4.83
ILT −2.10, −1.45 Y −0.278 <0.001 Y −6.24, 2.69
CLT −1.49, −0.28 Y −0.279 0.030 Y −5.48, 3.71

CI, confidence interval; Y, yes; N, no.

Fig. 2. Bland–Altman plots and 95% limits of agreement for at-rest measurements of heart rate (HR) (left) and respiratory 
rate (right).

Fig. 3. Bland–Altman plots and 95% limits of agreement during incremental load tests for measurement of heart rate (HR) 
(left) and respiratory rate (right).
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Regression Analysis
Single regression analysis with heart rate measured by 

ECG as the dependent variable and heart rate measured by 
the wrist-worn device as the independent variable yielded 
significant regression equations at rest and during ILT and 
CLT. The standard errors of the estimates were less than 10.0 
bpm at rest and during CLT, and more than 10.0 bpm during 
ILT (Table 2). Tenfold cross-validation analysis gave a root 
mean square error (RMSE) of 8.380189, R2 of 0.88896, and 
an MAE of 6.298022.

The following regression equations for heart rate were 
obtained:

At rest:
ECG heart rate=4.412 + 0.956 × wrist-worn device heart 

rate (R2=0.881, P <0.001)

During ILT:
ECG heart rate=18.669 + 0.945 × wrist-worn device heart 

rate (R2=0.768, P <0.001)
During CLT:
ECG heart rate =21.840 + 0.820 × wrist-worn device heart 

rate (R2=0.887, P <0.001)
Single regression analysis with respiratory rate measured 

by the breath-by-breath method as the dependent variable 
and respiratory rate measured by the respiratory track-
ing device as the independent variable yielded significant 
regression equations at rest and during ILT and CLT. The 
standard errors of the estimates were less than 5.0 /min at 
rest and during CLT, and approximately 5.0 /min during ILT 
(Table 2). Tenfold cross-validation analysis gave an RMSE 
of 5.978712, R2 of 0.6980266, and an MAE of 2.514456.
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Fig. 4. Bland–Altman plots and 95% limits of agreement during constant load tests for measurement of heart rate (HR) 
(left) and respiratory rate (right).

Table 2. Summary of the results of regression analysis

R R2 Adjusted R2 SEE P value 95% CI
Wrist-worn device

Rest 0.939 0.881 0.877 4.20611 <0.001 0.820, 1.093
ILT 0.877 0.768 0.760 13.23761 <0.001 0.740, 1.150
CLT 0.942 0.887 0.885 7.72141 <0.001 0.740, 0.901

Respiratory tracking device

Rest 0.691 0.477 0.458 3.69535 <0.001 0.498, 1.178
ILT 0.679 0.461 0.456 5.24037 <0.001 0.667, 1.034
CLT 0.803 0.644 0.640 2.64804 <0.001 0.815, 1.128

SEE, standard error of estimates.
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The following regression equations for respiratory rate 
were obtained:

At rest:
Breath-by-breath respiratory rate=2.372 + 0.838 × respira-

tory tracking device respiratory rate (R2=0.477, P <0.001)
During ILT:
Breath-by-breath respiratory rate=3.700 + 0.850 × respira-

tory tracking device respiratory rate (R2=0.461, P <0.001)
During CLT:
Breath-by-breath respiratory rate=1.279 + 0.971 × respira-

tory tracking device respiratory rate (R2=0.644, P <0.001)

DISCUSSION

In this study, we examined the accuracy of a wrist-worn 
device and a respiratory tracking device by correlating their 
data with measurements recorded using standard procedures. 
Both devices showed high correlation with external criteria 
(wrist-worn device: r=0.877–0.942, respiratory tracking 
device: r=0.679–0.803). The errors at rest were small (wrist-
worn device: <10.0 bpm, respiratory tracking device: <5.0 /
min) and relatively large during exercise. However, by using 
regression equations, we were able to keep the errors within 
practical limits.

Accuracy of Wearable Devices
Accuracy of Wrist-worn Device

In previous studies that compared the accuracy of heart 
rate measurement using wearable devices with heart rate 
measured by ECG, the chest band sensor (worn as a band 
on the chest) was found to be the most accurate. All studies 
reported an accuracy of r=0.99, which makes the measure-
ments of chest band sensors almost identical to that of the 
ECG.11–13) Among the wrist-worn devices, the highest 
correlation was r=0.91–0.92.12,13) Other devices have been 
reported to have r=0.67‒0.91.12,13) The wrist-worn device 
validated in this study was found to have a high correlation 
coefficient (r=0.88–0.94).

All previous studies have reported the existence of an error 
between the ECG and the wrist-worn device data. The LOAs 
of devices with correlation coefficients of approximately 
0.90 are reportedly −27 to +29 bpm and −17 to +20 bpm 
during multi-step exercise tests performed on a treadmill 
and cycle ergometer.11–13) In the current study, the LOA of 
the wrist-worn device during ILT (−38.31 to +12.93 bpm) 
was greater than that of devices with minimal errors, but 
the LOA during CLT (−22.22 to +12.98 bpm) was similar to 
that of devices with correlation coefficients of approximately 

0.90. The LOAs for devices with correlation coefficients of 
approximately 0.80 were reported to be −24 to +31 bpm for 
low values13) and −34 to +39 bpm for high values.12) In this 
context, the accuracy of the wrist-worn device in the current 
study is similar to or better than that of other PPG sensors.

Notably, measurement errors constituted a high percentage 
(37.4%) of the total data. This may have been caused by the 
tendency of the participants to grip the handle of the cycle 
ergometer more tightly at increased load, which in turn may 
have affected body movement. In particular, sudden drops in 
the heart rate measured with the wrist-worn device to around 
60 bpm (while the ECG heart rate gradually increased) are 
likely to reflect the pedal cadence (60 rpm). To address these 
measurement errors, we propose the use of an algorithm to 
improve the accuracy of measurements during exercise by 
combining data from the built-in acceleration sensor in the 
wrist-worn device.

Accuracy of Respiratory Tracking Device
There are few reports on the use of wearable devices to 

measure respiratory rate.14) The correlation between the 
respiratory rates measured with a small body sensor that 
attaches to the patient’s chest and those obtained by visual 
measurement was reported to be as low as r=0.39.5) Smith 
et al.7) examined the correlation between the respiratory 
rates measured with a shirt-type sensor and with the breath-
by-breath method for ILTs performed on a cycle ergometer. 
They found that the correlation coefficients were highest dur-
ing submaximal exercise (r=0.95), followed by rest (r=0.88) 
and maximal exercise (r=0.84) in that order.7) Furthermore, 
the mean difference between values obtained by the two 
methods at rest and during submaximal exercise was 1.0 ± 
3.0 /min, whereas that at maximal exercise was 2.0 ± 7.0 /
min. In the present study, the correlation coefficient between 
respiratory rates measured with the respiratory tracking 
device and with the breath-by-breath method was 0.68–0.80, 
and the mean differences (resting, 0.5 ± 2.0 /min; ILT, ‒1.6 
± 2.2 /min; CLT, ‒0.9 ± 2.3 /min) were similar to those for 
shirt-type sensors. However, proportional and fixed biases 
were observed, and they tended to underestimate the results 
during exercise.

The parameters for assessing respiration are the number 
of breaths, the depth of breathing (shallow or deep), and the 
breathing pattern (chest or abdominal). The breath-by-breath 
method measures exhaled gas directly, so the influences of 
breath depth and pattern on the measurement are minimal. 
The shirt-type sensor has two bands of sensors—one at the 
top of the chest wall and the other at the bottom—so the ef-
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fects of respiration depth and pattern are considered to be 
small. In contrast, the respiratory tracking device has only 
one sensing range, which we considered to contribute toward 
underestimates because the device cannot track shallow 
breathing or changes in respiration patterns. However, us-
ing the regression equation, the margin of error in this study 
was within ± 5.0 /min, which we considered to be within 
the acceptable range of error. Considering the small size of 
the sensing area, we conclude that the respiratory tracking 
device has reasonable accuracy.

Usefulness in Daily Living
Activities of daily living include sitting and standing 

activities such as going to the toilet, reading, eating, wash-
ing dishes, washing clothes, and watching television. These 
activities are similar to CLT because they involve relatively 
few body movements and constant motor intensity. In ad-
dition, in situations where cycle ergometers are used for 
exercise (e.g., rehabilitation and fitness), the accuracy of 
the measurements recorded by wearable devices would be 
similar to that during CLT. Because wearable devices have 
high measurement accuracy at rest and during CLT, they can 
be expected to accurately measure heart rate and respiratory 
rate in daily life.

Concerning the long-term use of the devices, wrist-worn 
devices that also function as watches are reported to be more 
versatile and easier to use than others.9) Although chest band 
sensors and shirt-type sensors provide better measurement 
accuracy than wrist-worn devices, their chest bands and 
tight shirts are not suitable for daily use. There is also a user 
engagement issue, which makes it only compatible with cer-
tain operating systems. To its credit, the respiratory tracking 
device evaluated in this study is small, easy to wear, and suit-
able for daily use. Furthermore, it has the advantage that the 
respiratory waveform can be checked in real time to confirm 
the appropriateness of the measurement. In particular, when 
used in the healthcare field, the wearable devices evalu-
ated in this study may be more acceptable to the elderly and 
physically challenged than other more complicated devices.

Study Limitations
This study has several limitations. First, it was conducted 

in a stable experimental environment, and its applicability to 
real-life situations needs to be examined in the future. Sec-
ond, the wrist-worn device needs an analysis algorithm to 
accurately detect measurement errors. However, the ability 
of the sensor to reflect the pedal cadence on a stationary cycle 
ergometer (Supplementary Material) may also be necessary 

in some situations. Therefore, the user can assume that mea-
surement errors may occur. Finally, the participants in this 
study were all men. Therefore, we were not able to examine 
the effects of gender differences, such as chest circumference 
and respiratory patterns, on the study results. However, chest 
circumference is not expected to have a significant effect on 
the measurement because the sensors are not worn over the 
entire chest area.

CONCLUSION

This study found that heart rate measurement with a wrist-
worn device was highly accurate and that the regression 
equation developed in this study was able to maintain accu-
racy within a practical margin of error. However, in the case 
of ILT, the results were outside the practical error range, even 
after adjusting for the errors. The respiratory rate measured 
with the respiratory tracking device showed high correla-
tion with the breath-by-breath method (although there were 
fixed and proportional biases), and the changes in respiration 
could be adequately tracked. Both wearable devices used 
in this study can detect body movement and can disqualify 
measurements by identifying artefacts, thereby allowing ac-
curate data to be accumulated in daily life activities.
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