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Abstract

Background: Conventional daytime monitoring in a single day may be influenced by factors such as motion artifacts and
emotions, and continuous monitoring of nighttime heart rate variability (HRV) and respiration to assist in chronic obstructive
pulmonary disease (COPD) diagnosis has not been reported yet.

Objective: Theam of this study was to explore and compare the effects of continuously monitored HRV, heart rate (HR), and
respiration during night sleep on the remote diagnosis of COPD.

Methods: We recruited patients with different severities of COPD and healthy controls between January 2021 and November
2022. Vita signs such as HRV, HR, and respiration were recorded using noncontact bed sensors from 10 PM to 8 AM of the
following day, and the recordings of each patient lasted for at least 30 days. We obtained statistical means of HRV, HR, and
respiration over time periods of 7, 14, and 30 days by continuous monitoring. Additionally, the effects that the statistical means
of HRV, HR, and respiration had on COPD diagnosis were evaluated at different times of recordings.

Results: Inthisstudy, 146 individuals were enrolled: 37 patientswith COPD in the case group and 109 participantsin the control
group. The median number of continuous night-sleep monitoring days per person was 56.5 (IQR 32.0-113.0) days. Using the
features regarding the statistical means of HRV, HR, and respiration over 1, 7, 14, and 30 days, binary logistic regression
classification of COPD yielded an accuracy, Youden index, and area under the receiver operating characteristic curve of 0.958,
0.904, and 0.989, respectively. The classification performance for COPD diagnosiswas directionally proportional to the monitoring
duration of vital signsat night. Theimportance of the featuresfor diagnosiswas determined by the statistical means of respiration,
HRV, and HR, which followed the order of respiration > HRV > HR. Specifically, the statistical means of the duration of respiration
rate faster than 21 times/min (RRF), high frequency band power of 0.15-0.40 Hz (HF), and respiration rate (RR) were identified
asthetop 3 most significant featuresfor classification, corresponding to cutoff values of 0.1 minute, 1316.3 nU, and 16.3 times/min,
respectively.
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Conclusions: Continuous monitoring of nocturnal vital signs has significant potential for the remote diagnosis of COPD. As
the duration of night-sleep monitoring increased from 1 to 30 days, the statistical means of HRV, HR, and respiration showed a
better reflection of an individual's health condition compared to monitoring the vital signsin asingle day or night, and better was
the classification performance for COPD diagnosis. Further, the statistical means of RRF, HF, and RR are crucial features for
diagnosing COPD, demonstrating the importance of monitoring HRV and respiration during night sleep.

(JMIR Mhealth Uhealth 2024;12:€56226) doi: 10.2196/56226
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Introduction

Chronic obstructive pulmonary disease (COPD) is a prevalent
chronic respiratory disease characterized by persistent airflow
restriction, with main symptoms including chronic cough,
expectoration, and dyspneathat may not be apparent in the early
stages of the disease [1]. In recent years, there has been an
increasing trend in the prevalence rate of COPD, and large
numbers of cases and deaths have been reported. A
cross-sectional study conducted in 2007 among 20,245 adults
from 7 provincesin Chinarevealed a COPD prevalence rate of
8.2% among individuals older than 40 years [1]. In 2018, data
from 2 large epidemiological surveys in China revealed a
prevalence rate of ~13.6% among individuals older than 40
years [2,3]. According to the 2019 Globa Burden of Disease
Study, the global mortality due to COPD reached 3.3 million
individuals, with China alone accounting for over 1 million
deaths, representing approximately one-third of the total [4].
Due to dyspnea and other symptoms, the daily activities and
exercise ability of patientswith COPD aregreatly limited, which
not only serioudly affects their quality of life but also imposes
asubstantial economic burden on thefamiliesand society [5,6].

According to the guidelines for the diagnosis and treatment of
COPD in China, the current clinical diagnosis methods of COPD
primarily include the pulmonary function test, chest imaging
examination, pul se oxygen saturation monitoring, arterial blood
gasanalysis, electrocardiogram, and echocardiography. Among
these methods, the pulmonary function test isthe gold standard
for diagnosing COPD by assessing the degree of airflow
limitation and evaluating disease severity. If the ratio of the
forced expiratory volume in the first one second to the forced
vital capacity of the lungsis less than 70% after inhalation of
the bronchodilator, one will be considered to have persistent
airflow limitation and can be further diagnosed in conjunction
with the clinical symptoms, signs, and history of exposure to
risk factors[7].

Patients with COPD commonly exhibit autonomic nervous
dysfunction, and the heart rate variability (HRV) serves as a
valuableindicator for assessing autonomic nervous function by
reflecting the tension and bal ance between the sympathetic and
parasympathetic nerves [8]. Previous studies [9,10] have
compared the resting heart rate (HR) and respiratory rate (RR)
monitored during daytime between patients with COPD and
healthy individuals, and the results suggested that HR and RR
can be used as critical indicators for the auxiliary diagnosis of
COPD.

https://mhealth.jmir.org/2024/1/€56226

In recent years, the rapid development of sensing technology
has facilitated the employment of wearable devices for vital
signs monitoring [11]. Pioneer studies have demonstrated that
thevital signs (including HRV, HR, and respiration) monitored
using wearable sensors are identical to those recorded by
medical devices[12]. Thus, wearable sensors—aided continuous
monitoring isapplicableto patientswith chronic disease at home
[13,14]. Long-term continuous monitoring with wearable sensors
during night sleep can effectively record the vital signs of
patients[15,16]. Specifically, Belloset al [17] utilized wearable
devices and external devices from the CHRONIOUS platform
system to record vital signs such as blood pressure and blood
glucose levels and other short-term information of 30 patients
with COPD. A mixed classifier was utilized after performing
data fusion to classify the severity of COPD among patients,
and it yielded an accuracy of 94%. The principal component
analysis-based classification using the daytime-recorded vital
signs, including HR, respiration, and blood pressure from 8
healthy individuals and 47 patients with COPD, was examined
to assess the severity of COPD, and thisyielded an accuracy of
88% [18]. In addition to using HR and respiration, Rahman et
al [19] considered 30-minute recorded daytime HRV asafeature
by using smartwatchesto aid in the diagnosis of COPD, yielding
a classification accuracy around 80%. By analogy, with
daytime-recorded HRV and HR by using wearable devices,
Tiwari et al [20] attempted to predict the acute exacerbation of
COPD and verified thefeasibility of remote sensing—based early
warning. The aforementioned studies were based on wearable
device—bhased vital signs recording during daytime in asingle
day. However, wearable devices have limitations for recording
vital signsduring night sleep. In addition, studies on diagnosis
of COPD based on long-term monitored vital signs (over weeks
or even months) have not been reported yet.

Based on the above concerns, we propose to explore the
potential of long-term monitored vital signs (including HR,
HRV, and respiration) during night sleep to assist in the remote
diagnosis of COPD. To the best of our knowledge, thisis the
first prospective study based on the continuous monitoring of
nocturnal vital signs for the remote diagnosis of COPD.
Specifically, the HR, HRV, and respiration in patients with
COPD and healthy individuals were recorded with bed sensors
from 10 PM to 8 AM on the forthcoming day, and the
continuous monitoring of each patient lasted no less than 30
days. With the continuously monitored vital signs, the statistical
means of HR, HRV, and respiration over the time periods of 7,
14, and 30 days were extracted as features for the diagnosis of
COPD.
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Methods

Study Sites and Participants

A prospective observational study was conducted to recruit case
and control individuals from January 2021 to November 2022.
The case group comprised of patients with confirmed COPD,
while the control group consisted of individuals without any
definite diagnosis, and both these groups were recruited from
the Guangdong Provincia Technology Research Center of
COPD Rehabilitation, the Third Affiliated Hospital of Sun
Yat-sen University. Specifically, the case group was derived
from the outpatient, emergency, and inpatient departments of
this hospital, and the control group consisted of individuals
recruited by the Guangdong Provincial Technology Research
Center of COPD Rehabilitation. Pulmonary function
examination was performed either at or prior to the enrollment
of the case group. According to the 2022 Global Initiative for
Chronic Obstructive Lung Disease (GOL D) diagnostic criteria,
if the ratio of the forced expiratory volume in the first one
second to the forced vital capacity of thelungsislessthan 70%
after inhalation of the bronchodilator, one will be considered
to have persistent airflow limitation [21]. This is the gold
standard for COPD diagnosis and the only inclusion criterion
for case groups. The exclusion criteriafor the case and control
groups were as follows:

1. Participants younger than 45 years

2. Individuals exhibiting poor compliance, dropouts, or loss
to follow-up, including those in coma, in shock, with
multiple organ failure, or with a history of epilepsy or any
other condition that hinders continued participation in the
monitoring study; aso excluded were individuals who did
not utilize monitoring equipment and those with missing
lung function indicators

3. Patientswith ahistory of severelung diseases such aslung
cancer, tuberculosis, severe pulmonary heart disease, and
any other malignant tumor disease; individual swith severe

Figure 1. Architecture of the proposed study.
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cardiovascular diseases, including myocardial infarction,
heart failure, arrhythmia, hypertension, and coronary heart
disease, and patients with diabetes

4. Individuals with irregular schedules.

Ethics Approval

This study obtained the written informed consent from all
participants, and the study protocol was reviewed by the medical
ethics committee of the Third Affiliated Hospital of Sun Yat-sen
University (approval [2021]02-019-01).

Data Collection and Processing

We abtained the pertinent data of individuals in the case group
through the hospital information management system, including
demographic characteristics, disease history, pulmonary function
test data, and acute exacerbations. We also recorded the
demographic characteristics and the disease history of
participants in the control group. Piezoelectric sensor—based
HR and respiratory recorders (model: WSM-LN-03, medical
device; China Food and Drug Administration; 20182071130)
were distributed to the participants and placed under the pillow
to continuously record the HR, respiration, and HRV during
night sleep from 10 PM to 8 AM the next day. Prior to the
examination, all participants passed the standardized training
on how to use the vital sign monitoring device. The recorded
vital signswere manually uploaded to the medical cloud server
for further dataanalysis. The architecture of the proposed study
isshownin Figure 1. Dueto thelong duration of the experiment,
there may be cases of inevitable data loss. Therefore, specific
exclusion criteria with regarding to the data on the medical
cloud server were asfollows:

1. Number of artifact motions during night sleep =600

Sleep duration less than 5 hours or longer than 9 hours
Datalossin 1 night sleep =1 hour

Outlierssuch asHR or RRis0

Data obtained 7 days before and during cases of acute
exacerbation of COPD
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Principle of Device and Feature Description

The distributed vital signs monitoring device was deployed
under the pillow. With piezoel ectric sensors, the analogy signals
representing cardiac and respiratory activities are recorded with
a sampling frequency of 1 kHz. Specifically designed filter
banks can detect the heartbeat interval and respiration per minute
during night sleep, and the averaged HR (beat/min) and
respiration (times/min) of awhole night can be obtained [22-24].
In addition, by taking advantage of the heartbeat interval, both

Chenet a

time and frequency domain HRV parameters can be calcul ated,
as illustrated in Table 1 [25]. Specifically, HRV contains 7
times/frequency domain features, including standard deviation
of heartbeat interval (SDNN), total power of heartbeat interval
(TP), low frequency of TP (LF), high frequency of TP (HF),
low frequency/high frequency (LF/HF), very low frequency of
TP (VLF), and ultralow frequency of TP (ULF). The features
of respiration also contain the cumulative duration of RR faster
than 21 times/min (RRF).

Table 1. Feature descriptions of heart rate variability, heart rate, and respiration.

Category, abbreviation of feature Definition

Heart rate variability [25]

SDNN Standard deviation of heartbeat interval

TP Total spectral power of heartbeat interval

LF Low frequency band power of 0.04-0.15 Hz

HF High frequency band power of 0.15-0.40 Hz

ULF Ultralow frequency band power of <0.0033 Hz

VLF Very low frequency band power of 0.0033-0.04 Hz

LF/HF Ratio of low frequency band power over high frequency band power
Heart rate

HR Heart rate mode during night sleep (beats/min)
Respiration

RR Respiratory rate mode during night sleep (times/min)

RRF (min) Cumulative duration of respiratory rate faster than 21 times/min

Since the bed sensors continuously monitor during night, HRV,
HR, and respiration can be continuously monitored over weeks
without affecting the lifestyle of the recruited patients.
Considering that the features of HRV, HR, and respiration
obtained in asingle night sleep monitoring could be influenced
by the daytime emotions and health status of the patients, we
propose to use the statistical average of the continuously
monitored features (HRV, HR, and respiration) over weeks
instead of that recorded in a single day for further analysis.
Numerically, the statistical average of the features HRV, HR,
and respiration over t consecutive days are calculated by the
following method. We first cal culated the sum of the values of
HRV, HR, and respiration for t consecutive days, then subtracted
the maximum and minimum values in the values of HRV, HR,
and respiration for t consecutive days; and then obtained the
statistical means by dividing by t-2. In this study, we set t=1,
7, 14, and 30 days as the cutoff observation time for analysis.

Sample Size Estimation

The purpose of this study was to evaluate the diagnostic value
of continuous HRV and respiration monitoring in patients with
COPD and control groups by using pulmonary function
examination as the diagnostic gold standard. We expected
continuous HRV and respiration monitoring to diagnose COPD
with sensitivity of 90%, tolerance error of 10% of sensitivity,
specificity of 90%, tolerance error of 10% of specificity, and
thetest criteriao=.01. The sample size for patients with COPD
and control groups was set at 1:2, and the dropout rate was set

https://mhealth.jmir.org/2024/1/€56226

as 10%. Finally, weused PASS 11.0 software (NCSS Statistical
Software) to calculate the sample size, and we found that there
should be at least 37 patients with COPD and 74 controls, for
atotal of 111 participants.

Statistical Analysis

Statistical analysiswas conducted using SPSS software (version
20.0; IBM Corp). The main statistical methods included
descriptive analysis, x? test, nonparametric test, binary logistic
regression, and receiver operating characteristic (ROC) curves.
For statistical description, counting data were described by
frequency and rate, and metrological data were described by
median and quartile. For statistical tests, the x2 test was
employed to compare the 2 groupsin terms of the counting data,
with the x2 value serving as the test statistic. The metrological
data were analyzed using a nonparametric test, specifically the
Mann-Whitney U test. The z score was employed as the test
statistic. Inthe multifactor analysis, the classical binary logistic
regression was applied for classification, and the ROC curve
was used to evaluate the diagnosis of each variable. The
determination of the cutoff values relied on the maximum
Youden index as the tangent point. Thetest criterion was set as
0=.05, and P<.05 was considered statistically significant. The
classification cutoff point was set as 0.5.

Data Cleaning and Analysis Flowchart

The experimental process of this study is shown in Figure 2.
We recruited 155 participants corresponding to atotal number
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of 21,352 night-sleep monitored samples (person-time) of
patients with COPD and healthy participants in the Third
Affiliated Hospital of Sun Yat-sen University, in accordance
with the abovementioned inclusion criteria for the population.
After data cleaning based on the abovementioned exclusion
criteria, 146 patients corresponding to afinal number of 13,260
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samples (person-time) were included, corresponding to case
and control groups of 4608 and 8652 samples, respectively.
Subsequently, the statistically averaged features of long-term
HRV, HR, and respiration over the observation time of 7, 14,
and 30 days were constructed for further analysis.

Figure 2. Flowchart of data cleaning and analysis. N: number of participants; n: number of person-times; ROC: receiver operating characteristic; t:

cutoff observation time.
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Results

Baseline Characteristics

A total of 146 individuals who met the inclusion and exclusion
criteria were enrolled in this study, comprising 37 cases and
109 controls. There were 12 mild to moderate cases and 25
severe cases. Theoveral compliance rate among the participants
was 0.73 (IQR 0.50-0.86), with no statistically significant
difference between the 2 groups (z score=—1.5; P=.15).

https://mhealth.jmir.org/2024/1/€56226

Moreover, the average number of continuous night-sleep
monitoring days per person was found to be 56.5 (IQR
32.0-113.0) days, showing no significant difference between
the 2 groups again (z score=0.5; P=.65). Therefore, compliance
and monitoring duration between the 2 groupswere comparable.
Significant differences were observed between the 2 groupsin
terms of age, gender, and BMI (P<.001). Specificaly, the case
group exhibited ahigher proportion of older individuals, males,
and those with low BMI in comparison to the control group (as
depicted in Table 2).

JMIR Mhealth Uhealth 2024 | vol. 12 | €56226 | p. 5
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MHEALTH AND UHEALTH

Table 2. Overal baseline characteristics of the total population.
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Variables Total (N=146) Control group (n=109)  Casegroup (n=37) zscore/x? (df) P vaue
Compliance rate, median (IQR) 0.73 (0.50-0.86) 0.76 (0.53-0.86) 0.65(0.43-0.83) -1.5 15
Monitoring per person, median (IQR) 56.5(32.0-113.0)  56.0 (34.0-107.0) 78.0(25.0-164.0) 0.5 65
Age (years), median (IQR) 59.0 (52.0-68.0) 55.0 (51.0-63.0) 73.0(66.0-77.0) 7.0 <.001
Sex, n (%) 21.8 (1) <.001
Male 70 (47.9) 40 (36.7) 30(81.1)
Female 76 (52.1) 69 (63.3) 7 (18.9)
BMI (kg/m?), n (%) 189(2) <.001
<185 8(5.5) 2(1.8) 6(16.2)
18.5-24 95 (65) 67 (61.5) 28(75.7)
>24 43(29.5) 40 (36.7) 3(8.1)

Statistical Comparisons of the Features Between Case
and Control Groups

This study consists of 13,260 samples (person-time),
corresponding to 8652 in the control group and 4608 in the case
group. During the monitoring period of 7, 14, and 30 days, there
was atota of 12,396, 11,422, and 9404 person-times recorded,
respectively. In 4 cutoffs of the observation time of 1, 7, 14,
and 30 days, the distributions of HRV, HR, and respiration
features, that is, SDNN, TR, LF, HF, VLF, ULF, HR, RR, and
RRF, averaged over different timescales were of significant
statistical difference, as shown in Tables S1-$4 of Multimedia
Appendix 1. Specifically, the values of all the averaged features
in the different timescales in the case group were significantly
higher than those of the control group (P<.001). Interestingly,
no significant difference was observed in the distribution of the
features LF/HF between the 2 groups (P>.05). Consequently,
when performing a binary logistic regression analysis, al
features of LF/HF averaged over different timescales (t= 1, 7,
14, and 30 days), that is, LF/HF,, LF/HF;, LF/HF;,, and
LF/HF5, were excluded, while the rest 36 features were
included.

Classification Perfor mance of Multidimensional Vital
Sign Features

HRV, HR, and respiratory features at different timescales are
represented by features and timescal es, wheretimescalesarein
subscripts. The overal classification accuracy of HRV, HR,
and respiration at 1, 7, 14, and 30 days achieved a high level of
0.958, with an impressive Youden index of 0.904 and an
excellent area under the ROC curve (AUC) of 0.989 (as
presented in Table 3 and Figure 3A).

We combined the vital signs features based on 4 different
timescales (t= 1, 7, 14, and 30 days) and subsequently classified
the participants into case and control groups. Figure 4
demonstrates that the classification performance of HRV, HR,
and respiration improved as the monitoring duration increased,
with HRV, HR, and respiration at 30 days exhibiting superior
performance (accuracy 0.956, Youden index 0.899, AUC 0.989).
Specifically, the ranking of the performance was presented as
follows: HRV, HR, and respiration in 30 days > HRV, HR, and

https://mhealth.jmir.org/2024/1/€56226

respiration in 14 days > HRV, HR, and respiration in 7 days >
HRV, HR, and respiration in 1 day.

We combined them again based on the vital signs category and
subsequently classified those participants into the case and
control groups. Figure 4 demonstrates an improving trend in
the classification efficacy of respiration, HRV, and HR,
surpassing that of single-day monitoring. On the one hand, when
evaluating the classification effect using accuracy and Youden
index, we observed an improvement in the classification effect
of HRV with the increasing duration of monitoring, where
HRV 5, demonstrated the highest performance (accuracy 0.866,
Youden index 0.717). Similarly, as the monitoring duration
increased, respiration also exhibited enhanced performance,
with respiration at 30 days achieving the best results (accuracy
0.913, Youden index 0.792). However, there was minimal
variation in the classification performance of HR across different
timescal es, maintaining an accuracy rate of approximately 0.67
and a Youden index of around 0.15. On the other hand, AUC
was utilized to be evaluated. The findings demonstrated that all
AUC values exceeded 0.5 and exhibited statistical significance.
Notably, the classification performance of HRV improved with
longer monitoring duration, specifically presented as HRV 5, >
HRV,, > HRV; > HRV;. Similarly, the performance of
respiration gradually tended to increase with extended
monitoring duration, indicated by respiration over 30
daysrespiration over 14 days > respiration over 14
days/respiration over 7 days > respiration over 1 day. However,
there were no dtatistically significant differences between
respiration over 14 days and respiration over 7 days or between
respiration over 14 days and respiration over 30 days.
Furthermore, the performance of HR also progressively
enhanced with prolonged monitoring time (HRz/HR;,/HR; >
HR,). Nevertheless, there were no statisticaly significant
differences among HR;, HRy,4, and HR3,, as shown in Table 3.

Table 3 and Figures 3B-3E demonstrate that the classification
performance, as evaluated by the accuracy, Youden index, and
AUC, consistently showed respiration > HRV > HR over a
single timescale. This consistent pattern was observed over all
4 timescales. In addition, the sensitivity of HR remained
consistently low over the 4 timescales, ranging from
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approximately 0.2 to 0.3, indicating ahigh potential for missed  diagnosisrate of 0.823. These findings highlight that only using

diagnosesrate (1-sensitivity) of up to 0.7-0.8. Specifically, the HR features for the diagnosis of patients with COPD may lead

sensitivity of HR; was 0.177, with a corresponding missed to a significant increase in missed diagnosis rates exceeding
80%.

Table 3. The model evaluation index for the diagnosis of chronic obstructive pulmonary disease by using a combination of multidimensional features.

Features (time=1, 7, 14, 30 days) Accuracy  Sensitivity Specificity Youdenindex Areaunder thecurve (95% P value
cl

(HRV HRY, respiration) in 1, 7, 14, and 30 0958 0.924 0.980 0.904 0.989 (0.987-0.991) <.001
days

(HRV, HR, respiration) in 1 day 0.915 0.813 0.970 0.783 0.959 (0.955-0.963) <.001
(HRV, HR, respiration) in 7 days 0.941 0.876 0.976 0.852 0.976 (0.973-0.979) <.001
(HRV, HR, respiration) in 14 days 0.946 0.892 0.978 0.870 0.982 (0.980-0.985) <.001
(HRV, HR, respiration) in 30 days 0.956 0.919 0.980 0.899 0.989 (0.987-0.990) <.001
HRV in 1 day 0.802 0.619 0.899 0.518 0.863 (0.856-0.869) <.001
HRV in 7 days 0.841 0.732 0.900 0.632 0.907 (0.901-0.912) <.001
HRV in 14 days 0.851 0.773 0.896 0.669 0.919 (0.914-0.924) <.001
HRV in 30 days 0.866 0.823 0.894 0.717 0.932 (0.927-0.937) <.001
HRin 1 day 0.670 0.177 0.932 0.109 0.646 (0.636-0.656) <.001
HR in 7 days 0.674 0.227 0.920 0.147 0.669 (0.659-0.679) <.001
HRin 14 days 0.672 0.266 0.905 0.171 0.677 (0.666-0.687) <.001
HR in 30 days 0.648 0.325 0.858 0.183 0.688 (0.677-0.699) <.001
Respiration in 1 day 0.889 0.721 0.978 0.699 0.914 (0.908-0.920) <.001
Respiration in 7 days 0.902 0.767 0.975 0.742 0.930 (0.924-0.935) <.001
Respiration in 14 days 0.907 0.789 0.975 0.764 0.937 (0.932-0.943) <.001
Respiration in 30 days 0.913 0.819 0.973 0.792 0.944 (0.939-0.950) <.001

3HRV: heart rate variability.
PHR: heart rate.
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Figure 3. Receiver operating characteristic curve of multidimensional features based on 4 timescales (1, 7, 14, and 30 days; shown in subscriptsin the
graph). HR: heart rate; HRV: heart rate variability.
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Figure4. Relationship between area under the curve and monitoring duration of multidimensional statistical features. AUC: area under the curve; HR:
heart rate; HRV: heart rate variability; t: time.
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Classification Performance of Single Featuresfor 7
Days L ong-Term Monitoring

The results shown in Figure 4 indicate that the classification
performance using the 7-day monitored features (HRV, HR,
respiration; AUC=0.976) is already comparable to that of the
30-day monitored features (HRV, HR, respiration; AUC=0.989).
Therefore, considering that the performance of monitoring
longer than 7 days tends to saturate, while increasing the
monitoring time leads to an increase in the dropout rate, we
recommend continuous monitoring for 7 days during daily home
life, which can already provide valuable assistance in the
auxiliary diagnosis of COPD.

We classified the case and control groups by asingle measured
vital sign feature during the 7-day long-term monitoring period.
Asshown in Table 4, the resultsreveal ed that the HF; exhibited
the most effective classification performance (accuracy 0.830,
Youden index 0.602), followed by TP, (accuracy 0.792, Youden
index 0.474) among the 6 features (HRV) evaluated by the

Chenet a

accuracy and Youden index. Among thefeatures set (HRV, HR,
respiration),, RRF; demonstrated the best performance (accuracy
0.898, Youden index 0.733), followed by HF,;, while HR,
showed the poorest performance (accuracy 0.674, Youden index
0.147). Furthermore, both HR; and ULF; exhibited very low
sensitivity with the missed diagnosis rate exceeding 70%,
indicating that using HR; or ULF; for classification and
prediction could lead to higher chances of missed diagnosis.

Additionally, AUC was used to eval uate the effect of thefeatures
on the classification performance. As depicted in Figure 5, the
AUCs of all 7-day time-scale monitored features were greater
than 0.5 and demonstrated statistical significance (P<.001). The
highest AUC value was observed for RRF; at 0.955. The order
of the classification effects was as follows: RRF; > HF; > RR;
> LF,/TP; > SDNN, > VLF; > ULF,/HR;. Notably, therewere
no statistically significant differences between LF; and TP,
ULF,, and HR;.

Table4. Model evaluation index of the single statistical average of features based on 7 days monitoring.

Features (time=7 Accuracy Sensitivity Specificity Youden index Areaunder thecurve (95% Cl) P vaue
days)

SDNN2 0.745 0.465 0.899 0.364 0.768 (0.759-0.777) <.001
TP° 0.792 0.549 0.925 0.474 0.832 (0.825-0.840) <.001
LFC 0.788 0.555 0.917 0.472 0.829 (0.821-0.837) <.001
HEd 0.830 0.701 0.901 0.602 0.890 (0.884-0.896) <.001
VLE® 0.746 0.414 0.929 0.343 0.724 (0.714-0.734) <.001
ULE 0.708 0.286 0.940 0.226 0.688 (0.677-0.698) <.001
HRY 0.674 0.227 0.920 0.147 0.669 (0.659-0.679) <.001
RR" 0.830 0.651 0.927 0.578 0.869 (0.862-0.876) <.001
RRF 0.898 0.759 0.974 0.733 0.955 (0.950-0.959) <.001

8SDNN: standard deviation of heartbeat interval.

bTP: total spectral power of heartbeat interval.

°LF: low frequency band power of 0.04-0.15 Hz.

IHF: high frequency band power of 0.15-0.40 Hz.

SV LF: very low frequency band power of 0.0033-0.04 Hz.
FULF: ultralow frequency band power of <0.0033 Hz.
9HR: heart rate.

RR: respiratory rate.

'RRF: respiratory rate faster than 21 times/min.
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Figure 5. Receiver operating characteristic curve of single statistical average of features based on 7 days monitoring. HF: high frequency band power
of 0.15-0.40 Hz; HR: heart rate; LF: low frequency band power of 0.04-0.15 Hz; RR: respiratory rate; RRF: respiratory rate faster than 21 times/min;
SDNN: standard deviation of heartbeat interval; TP: total power of heartbeat interval; ULF: ultralow frequency band power of <0.0033 Hz; VLF: very

low freguency band power of 0.0033-0.04 Hz.
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Cutoff Values

Considering that the classification performance of HF;, RR;,
and RRF; was superior to that of other features, which reflected
the potential values of such featuresfor the diagnosis of COPD,
we further analyzed the cutoff values based on the maximum
Youden index for HF;, RR,, and RRF;. This serves as a
reference for auxiliary diagnosis in patients with COPD. The
determined cutoff value for HF; was 1316.30 nU, which

corresponded to sensitivity and specificity values of 0.836 and
0.810, respectively. The cutoff value for RR; was 16.3
times/min, accompanied by sensitivity and specificity values
of 0.783 and 0.803, respectively. As for RRF;, the designated
cutoff valuewas set at 0.1 minute with corresponding sensitivity
and specificity values of 0.938 and 0.925, respectively. Samples
exceeding these respective cutoff values would be assigned to
the case group, whilethe otherswould be assigned to the control
group (asillustrated in Table 5).

Table 5. Cutoff values of statistical average of respiration rate faster than 21 times/min, high frequency band power of 0.15-0.40 Hz in heart rate

variability, and respiration rate.

Features (time=7 days) Cutoff point Sensitivity Specificity Youden index
High frequency band power of 0.15-0.40 Hz 1316.30 0.836 0.810 0.646
Respiratory rate 16.30 0.783 0.803 0.585
Respiratory rate faster than 21 times/min 0.10 0.938 0.925 0.864

Discussion

Principal Findings

The primary purpose of this study wasto explore the feasibility
of bed sensor—aided continuous night-sleep monitoring of vital
signs (HRV, HR, and respiration) to assist in the remote
diagnosis of COPD. Our findings show that continuous
night-sleep monitoring has significant potential in the diagnosis

https://mhealth.jmir.org/2024/1/€56226
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of COPD, and the statistical means of RRF, HF, and RR are the
crucia features. By extracting statistical features from the
continuously recorded HRV, HR, and respiration over 7, 14,
and 30 days, the classification performance of the vital signs
for COPD diagnosis was evaluated and compared in different
timescal es, and the cutoff values of the most important features
were obtained as a reference point for in-home diagnosis of
COPD. Our prospective cohort experimental analysis verified
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that the classification performance of the diagnosis of COPD
increases directionally proportional to the monitoring duration
of vital signs recording. This outcome is expected due to the
influence of various factors such as environment, daytime
emotions, and activities on the recorded vital signs during a
single night sleep [26,27]. Comparatively, by increasing the
statistical timescale with regard to feature extraction, the derived
statistical features can reflect the status of individual health
more accurately [28,29]. Under the tradeoff between the
performance of diagnosis and the feasibility of continuous
monitoring, it is recommended that a 7-day daily home-based
continuous monitoring is sufficient to assist in the diagnosis of
COPD.

According to previous research, the resting HR and respiration
of patients with COPD are higher than those of healthy
individuals. However, there is till alack of literature support
regarding the comparison of the correlation between these
indicators and patients with COPD [30]. In this study, we
discovered that long-term monitored features such as RR, HF,
and RRF were more significant for diagnosing COPD than HR
alone. Using either RR or HF as features, the classification
performance accuracy already exceeded 80%. Furthermore,
when utilizing RRF for classification, the accuracy reached
90%. In comparison, if HR was used for classification purposes
only, the accuracy dropped to 67%, with a missed diagnosis
rate exceeding 70%.

The resting RR for healthy individuals ranges from 12 to 20
beats per minute [31]. However, our findings showed that RR
exceeded 16 beats per minute, which can be viewed as an
important feature for the diagnosis of COPD. This finding is
expected since patients with COPD are more prone to
experiencing rapid breathing [32]. The cutoff value for RRF in
this study was determined as 0.1 minute, indicating that any
presence of rapid breathing during night sleep significantly
increases the probability of a COPD diagnosis. The
corresponding sensitivity and specificity valuesreach up to 94%
and 93%, respectively.

Patients with COPD exhibit abnormal autonomic nervous
function and reduced HRV [33,34]. Studies have demonstrated
adecreasein sympathetic regulation among stable patientswith
COPD, suggesting a potential shift toward parasympathetic
regulation [35]. By contrast, our findings show that patients
with COPD exhibit an elevated HRV compared to healthy
controls. The possible reasons are 2-fold. On the one hand, the
HRV indicators of patients with COPD were increased due to
cardiac compensation since al patients with severe
cardiovascular diseases were excluded in this study. This
phenomenon was also validated by a pioneer study [36]. Onthe
other hand, as pointed out by [37], parasympathetic regulation
is more active in patients with acute exacerbation of COPD
compared to those with stable COPD. In this study, although
the events of acute exacerbation in the case group were excluded
before analysis, potential labelling errors of the acute
exacerbation cases existed, since the recording of periodic
follow-up might have been incomplete due to out-of-hospital
visitsor recall bias, and small amount of monitoring data during
acute exacerbationswereincluded, which could account for the
observed increase in HRV among patients with COPD.

https://mhealth.jmir.org/2024/1/€56226
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LF reflects the regul ation of the sympathetic nerve, HF reflects
the activity of the parasympathetic nerve, and LF/HF reflects
the relative activity of the sympathetic nerve and the
parasympathetic nerve, that is, the balance between the
sympathetic nerve and the parasympathetic nerve [36]. The
results of our study showed that there was no statistically
significant differencesin the L F/HF characteristics between the
case group and the control group, which indicated that in patients
with COPD, the LF and HF both increased, thus resulting in
the relatively constant LF/HF indices. This is also consistent
with previous studies, which demonstrated no significant
difference between the LF/HF of patients with COPD and the
control groups [37].

Strengthsand Limitations

This study isthefirst prospective observational study based on
continuous vital signs monitoring during night sleep to assist
in-home diagnosis of COPD. With the help of noncontact
sensors placed under the mattress, we performed continuous
night sleep monitoring for individuals with COPD and healthy
individuals over weeks and employed the statistical means of
the monitored HR, respiration, and HRV at different timescales
as features instead of the short-term measurement in a single
day. Comparatively, the proposed long-term monitoring could
reduce the uncertainty and inaccuracy caused by various
interference factors present in short-term monitoring sessions
and thereby improve the performance of the auxiliary diagnosis
of COPD.

This study has some limitations. The majority of theindividuals
in the case group were patients with COPD recruited from the
hospital. Due to the characteristics of COPD, the proportion of
old and lean menin the case group was higher, whileindividuals
in the control group were normal primarily. Statistical
comparisons revealed uneven distributions regarding age, sex,
and BMI at baseline between the 2 groups, potentialy
introducing a selection bias. To addressthisissue, we accounted
for these factors during data analysis by adjusting them prior
to analysis. Consequently, we observed an improvement in the
classification performance while observing minor impacts on
the comparison of the classification effectsfor different features
among our patients.

Conclusions

In this paper, we report the utilization of bed sensors for
continuous recording of vital signs, including HR, respiration,
and HRV during nighttime, thereby aiming to provide auxiliary
diagnosis for COPD. Compared to single-time and single-day
measurement, the long-term statistical features derived from
continuous vital signs recordings demonstrate superior
performance in the diagnosis of COPD. Moreover, the longer
the timescale used for constructing the statistical features, the
better is the classification performance for COPD diagnosis.
Feature importance analysis showed that the statistical features
of respiration and HRV contributed significantly more than the
HR features in the COPD diagnosis. Specifically, RR, RRF,
and HF exhibited the highest contribution to COPD diagnosis
and hold important reference for home-assisted diagnosis of
COPD. Additionally, this study determines the cutoff values
for important features, which can provide areference range for
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clinical COPD diagnosis. In principle, this design may also be  but theimportant featuresfor disease diagnosis may be different.
applicableto other cardiovascular diseases such as heart failure,
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TP: total spectral power of heartbeat interval
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VLF: very low frequency band power of 0.0033-0.04 Hz

Edited by L Buis; submitted 12.01.24; peer-reviewed by T Kamio, M Liu; comments to author 23.05.24; revised version received
07.06.24; accepted 18.06.24; published 18.07.24

Please cite as:

Chen X, Zhang H, Li Z, Liu S, Zhou Y

Continuous Monitoring of Heart Rate Variability and Respiration for the Remote Diagnosis of Chronic Obstructive Pulmonary
Disease: Prospective Observational Study

JMIR Mhealth Uhealth 2024;12: 56226

URL: https://mhealth.jmir.org/2024/1/€56226

doi: 10.2196/56226

PMID:

©Xiaolan Chen, Han Zhang, Zhiwen Li, Shuang Liu, Yuqgi Zhou. Originaly published in IMIR mHealth and uHealth
(https://mhealth.jmir.org), 18.07.2024. This is an open-access article distributed under the terms of the Creative Commons
Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work, first published in JIMIR mHealth and uHealth, is properly cited. The complete
bibliographic information, a link to the original publication on https://mhealth.jmir.org/, as well as this copyright and license
information must be included.

https://mhealth.jmir.org/2024/1/€56226 JMIR Mhealth Uhealth 2024 | vol. 12 | €56226 | p. 14

RenderX

(page number not for citation purposes)


https://europepmc.org/abstract/MED/25945125
http://dx.doi.org/10.1186/1755-7682-7-43
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25945125&dopt=Abstract
https://www.mdpi.com/resolver?pii=s22062264
http://dx.doi.org/10.3390/s22062264
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35336436&dopt=Abstract
http://dx.doi.org/10.1007/s10286-019-00659-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31938978&dopt=Abstract
https://europepmc.org/abstract/MED/28814850
http://dx.doi.org/10.2147/COPD.S134498
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28814850&dopt=Abstract
http://dx.doi.org/10.3233/thc-140777
https://mhealth.jmir.org/2024/1/e56226
http://dx.doi.org/10.2196/56226
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

