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A B S T R A C T

This pilot study evaluated the effect of anti-depression treatment on sleep quality and symptoms of depression in
patients with major depressive disorder, and identified cardiopulmonary coupling (CPC) indices for predicting
early response. Forty-one Han Chinese patients with major depressive disorder were assessed for objective sleep
quality before treatment (baseline) and at 2 weeks using CPC. Subjective sleep quality and depression levels were
measured at baseline and 2 and 4 weeks after treatment, using the 24-item Hamilton Rating Scale for Depression
(HAMD-24), Epworth Sleepiness Scale (ESS), and Pittsburgh Sleep Quality Index (PSQI). Objective and sub-
jective sleep quality, and depression symptoms, improved after treatment. Significant correlations were found
between CPC variables at baseline and depression symptom improvement after 2 weeks of treatment. Total sleep
time at baseline significantly correlated with somnipathy score reduction at week 2. Total in-bed time at week 2
significantly correlated with reductions in anxiety/somatic symptoms and retardation score, and total HAMD-24
score at week 4. In binary logistic regression, the total in-bed time at baseline was significantly associated with
treatment response. Our findings suggest that objective sleep quality measured by CPC analysis is useful for
predicting treatment response to antidepressant treatment in patients with major depressive disorder.

1. Introduction

Major depressive disorder (MDD) is a heterogeneous condition with
various responses to any given treatment (Cuijpers et al., 2012). It is
difficult for physicians to predict the effectiveness of antidepressant
therapy (Insel and Wang, 2009), given that there are no biomarkers to
reliably predict a response (Thase, 2014). It is important to identify
markers that can predict treatment outcomes in patients with MDD.

Sleep disorders are a major symptom in patients with MDD
(Cheng et al., 2015). Persistent sleep symptoms, particularly insomnia,
independently contribute to the non-remission of depression
(Chan et al., 2014). Patients with MDD commonly have a characteristic
sleep electroencephalography (EEG) (Fenzl et al., 2011; Steiger and
Kimura, 2010) with reduced slow-wave activity that reflects an overall
decrease in restorative sleep (Armitage, 2007; Cheng et al., 2015).
Numerous polysomnographic sleep studies have shown that changes in
sleep structure in MDD include early onset of rapid eye movement
(REM), increased phasic REM activity, and impaired sleep efficiency
(Armitage, 2007; Steiger and Kimura, 2010; Thase et al., 1997; Tsuno
et al., 2005). Pharmacotherapy, as well as psychotherapy, can partially
improve sleep architecture in these patients (Thase, 2006; Tsuno et al.,

2005). Most antidepressants decrease REM sleep by reducing REM time
and increasing REM latency (Sharpley and Cowen, 1995; Thase, 2006).

Objective assessments of sleep physiology currently rely primarily
on EEG-based polysomnography (PSG) (Buysse et al., 2006; Sylvia
et al., 2014; Yang et al., 2011). However, EEG-based PSG is difficult to
conduct and costly. A cyclic alternating pattern is considered a bio-
marker of fragmented sleep associated with microarousals, and has also
been used to evaluate sleep stability (Schramm et al., 2016; Terzano
et al., 2002).

The cardiopulmonary coupling (CPC) is a spectrographic method
that was developed as an alternative to PSG to quantify sleep quality.
CPC analysis uses a continuous single-lead electrocardiogram (ECG)
signal to track changes in cardiac inter-beat (R-R) intervals and QRS
amplitude during sleep (Bianchi and Thomas, 2013; Thomas et al.,
2005). Through ECG-based CPC analysis, Yang et al. (2011) demon-
strated that patients with MDD experienced reduced stable sleep, in-
creased unstable sleep, and increased wakefulness/REM-sleep, which
were restored by medication. CPC analysis was also used to detect sleep
quality in chronically depressed patients after applying the cognitive
behavioral analysis system of psychotherapy (Schramm et al., 2016).

The present study evaluated sleep quality changes and improvement
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of depressive symptoms after 4 weeks of anti-depression medication,
using CPC analysis. In addition, associations between CPC indices and
psychometrics for depression and subjective sleep quality were in-
vestigated; and possible CPC indices were identified for predicting
treatment response.

2. Methods

2.1. Materials and study design

This single-group, unblinded cohort study is a pilot study that
evaluated the effects of antidepressants on sleep quality and depressive
symptoms in Han Chinese patients with MDD. The study was conducted
between 1 November 2016 and 30 May 2017 at Second Affiliated
Hospital of Xinxiang Medical University (Xinxiang, Henan Province), a
health center that predominantly serves patients with mental disorders.
The Institutional Review Board of Xinxiang Medical University ap-
proved this study, and all subjects gave written informed consent.

The power calculation and effect size determination were conducted
using the G*Power 3.1.9.2 program (http://www.softpedia.com/get/
Science-CAD/G-Power.shtml). At the power of 0.9 (β=0.1) and a
significance of 0.05 (α=0.05), the effect size number was calculated at
43 patients (Yang et al., 2011). The following equation was applied:
effect size= (m1 – m2)/SDpooled (Yang et al., 2011) where m is the mean
of the sample and SDpooled is the pooled standard deviation. Two pa-
tients were excluded due to inpatient days of less than 4 weeks. Finally,
41 patients were included in the study. All participants were referred by
their supervising physician.

2.2. Inclusion and exclusion criteria

All the patient subjects conformed to the following inclusion cri-
teria: Han Chinese ethnicity; aged 18–65 years; met the 10 criteria of
the International Classification of Diseases for MDD as diagnosed by 2
psychiatrists; a baseline score of 17–35 on the 24-item Hamilton Rating
Scale for Depression (HAMD-24); and inpatient status for 4 weeks or
more.

Patients with any of the following were excluded from this study:
any comorbid psychiatric diagnosis; history of psychosis or mania; al-
cohol or substance abuse or dependence in the last 6 months; neuro-
logical, cardiac, pulmonary, endocrine, or renal disorders; current
pregnancy; or cardiac fibrillation or an implanted pacemaker. Also
excluded were patients with current active suicidal or self-injurious
potential, as assessed by the clinical judgment of their supervising
physicians.

2.3. Psychometrics

In-person outcome measurements were assessed at baseline (before
treatment), and 2 and 4 weeks after treatment by a trained estimator,
using the HAMD-24, the Epworth Sleepiness Scale (ESS), and the
Pittsburgh Sleep Quality Index (PSQI). The HAMD-24 and ESS were
determined at baseline and 2 and 4 weeks after treatment. The PSQI
was measured at baseline and 4 weeks after treatment.

2.4. HAMD-24

The HAMD-24 is an interview scale that is widely used in the clinic
to identify the indications and severity of depression, and evaluate re-
covery of depression symptoms. The simplified Chinese version of
HAMD has good reliability and validity: the total Cronbach's a1pha is
0.714, and the parallel validity and the construct validity are ideal
(Sun et al., 2017). We assessed the HAMD-24 scores for anxiety/somatic
symptoms, cognition, retardation, somnipathy, and despair, as well as
the total HAMD-24 score. An anti-depression response to treatment was
defined as a decrease in the HAMD-24 score by more than 50%.

2.5. PSQI and ESS

PSQI was used to assess subjective sleep disturbance over the pre-
vious month. PSQI is a 19-item self-report questionnaire, comprising
scores of 7 components: subjective sleep quality, sleep latency, sleep
duration, habitual sleep efficiency, sleep disturbances, sleep medica-
tion, and daytime dysfunction. Each component score ranges from 0 to
3, and a total score (from 0 to 21) was determined by the summation of
each component score. Higher scores indicated greater sleep difficulties
(Buysse et al., 1989). The simplified Chinese version of PSQI has good
internal consistency, test-retest reliability, and high consceiving and
criterion-related validity (Liu et al., 1996).

The ESS was used to evaluate subjective daytime sleepiness, and
consists of 8 self-report questions. Each item score ranges from 0 to 3 (0
for never doze; 3 for high chance of dozing), and a total score (0 to 24)
was determined by the summation of each item score. Higher scores
indicated increased daytime sleepiness (Johns, 1992). The reliability
and validity of the simplified Chinese version of ESS is high, with a total
Cronbach's alpha of 0.814, and good discriminant validity and con-
struct validity (Peng et al., 2011).

2.6. Cardiopulmonary coupling analysis

A CPC device (Nanjing Fengsheng Yongkang Software Technology,
Nanjing, China) was used to study sleep quality and stability. The CPC
device has several advantages over the traditional laboratory PSG, in-
cluding low cost. Furthermore, it is less intrusive, allows ambulation
and multiple nights of monitoring, and automated scoring. The CPC
device was connected to the patient's chest to record the single-lead
ECG signal during sleep and analyze ECG data (Thomas et al., 2005).
The CPC measurements were conducted on the first and fourteenth
night of hospital stays.

The CPC device collected data for sleep time, respiratory events,
actigraphy, and body position. The CPC analysis included the following:
total sleep and in-bed times; stable time latency and stable sleep time by
high-frequency coupling; unstable sleep time by low frequency cou-
pling; REM, wake-up and get-up times (episodes) per night; sleep
stages; and sleep efficiency (ratio of total sleep time to total in-bed
time).

2.7. Statistical analysis

Statistical analyses were performed with SPSS version 23.0 soft-
ware. Descriptive data are shown as mean± standard deviation. The
Kolmogorov-Smirnov one-sample test was used to test the normal dis-
tribution of the data. For data with normal distribution, a paired t-test
was applied to compare the CPC variables and psychological tests pre-
and post-treatment. For data without normal distribution, the Wilcoxon
test was used. Spearman's correlation was employed to examine the
association between CPC measurements and psychometrics.
Exploratory logistic regression analysis was conducted to determine the
attribution of CPC indices to the treatment response using a stepwise
regression model. Multiple regression analysis was conducted to control
covariates of BMI, antidepressant types and PSQI scores at baseline. A
P-value < 0.05 (2-tailed) was considered statistically significant.

3. Results

3.1. Demographics

The study population comprised 41 patients with MDD (Table 1).
The average age of the patients was 49.8 ± 14.2 y (range, 17–73 y)
with an average education of 8.5 ± 3.8 y (range, 0–16 y). The majority
of the patients were women (68.3%, 28/41). The average BMI was
24.8 ± 3.2. The average disease duration was 55.6 ± 66.0 months.
Nine patients had disease relapse. Of the 41 patients, 27 received
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selective serotonin reuptake inhibitors (SSRIs) including escitalopram
(20mg/d), sertraline (150–200mg/d), fluoxetine (20mg/d), parox-
etine (20mg/d), and fluvoxamine (150mg/d). Fourteen patients re-
ceived non-SSRI treatment, including venlafaxine (150–225mg/d),
duloxetine (60–90mg/d), mirtazapine (30mg/d), and agomelatine
(50mg/d). Table 1 also shows the correlations between demographic
characteristics, PSQI score at baseline and response to antidepressant
treatment.

Compared with the pre-treatment baseline data, the following were
significantly less at 2 weeks after the beginning of treatment (Table 2):
unstable sleep time, total sleep time, and sleep efficiency (P=0.027,
0.013, and 0.016, respectively). At 2 weeks after the start of anti-de-
pression treatment, the following were comparable with the baseline
data: stable sleep latency, stable sleep time, REM sleep time, wake-up
time, sleep score, sleep quality ratio (stable sleep time/unstable sleep
time), wake-up episodes, and get-up time.

3.2. Psychometrics changes by treatment

There were no significant changes from baseline in self-reported
sleepiness at 4 weeks after treatment, as reflected by ESS scores
(Z= –0.16, P=0.87). The following scores were significantly lower at
4 weeks after treatment relative to the baseline values: PSQI; total
HAMD-24; and HAMD-24 for anxiety somatic symptoms, cognition,
retardation, somnipathy, and despair (P<0.001, all; Table 3).

3.3. Associations between baseline sleep indices and improvement in
depression at week 2

We investigated whether sleep indices derived from the CPC ana-
lysis at baseline were related to the questionnaire scores 2 weeks after
treatment. Total sleep time significantly correlated with the reduction
in somnipathy score (r= –0.329, P=0.036). The number of unstable

sleep episodes significantly correlated with reduction in the retardation
factor score (r= –0.429, P=0.005). REM sleep episodes significantly
correlated with reductions in cognitive and retardation factor scores
(r= –0.375, P=0.016 and r=0.014, P=0.380, respectively), and
total score reduction (r= –0.311, P=0.048; Table 4) at 2 weeks.

3.4. Association between depression improvement at 4 weeks and sleep
indices at 2 weeks

The correlations between objective sleep variables at 2 weeks and
questionnaire scores at 4 weeks after the start of treatment were in-
vestigated. Total in-bed time positively correlated with reductions in
scores for anxiety/somatic symptoms (r=0.401, P=0.009), retarda-
tion factor (r=0.319, P=0.042), and total score (r=0.362,
P=0.020). Total sleep time positively correlated with reductions in
scores for anxiety/somatic symptoms (r=0.426, P=0.006), and des-
pair (r=0.326, P=0.037). Unstable sleep episodes positively corre-
lated with reduction in the despair score (r=0.328, P=0.036). Get-up
episodes negatively correlated with the PSQI total score (r= –0.389,
P=0.012). Get-up time negatively correlated with the PSQI total score
(r= –0.392, P=0.011; Table 5).

3.5. CPC indices to predict early response to treatment

Exploratory regression analysis was performed to identify predictors
of response to treatment (Table 6). The total in-bed time and stable
sleep latency at baseline were significantly associated with treatment
response (OR=0.978, P=0.004 and OR=0.982, P=0.023, respec-
tively). Reduction in total in-bed time and stable sleep latency at 2
weeks after treatment were also attributed to anti-depression response
(OR=0.984, P=0.004 and OR=0.975, P=0.012). Using the input
model of logistic regression, unstable sleep episodes and stable sleep
latency at week 2 was significantly associated with treatment response
(OR=0.455, P=0.007 and OR=1.019, P=0.027).

In multiple logistic regression models (Table 7), after adjusting for
BMI, antidepressant types and PSQI scores at baseline, the total in-bed
time and stable sleep latency at baseline were significantly associated
with treatment response (OR=1.024, P=0.010 and OR=1.024,
P=0.032, respectively). Reduction in total in-bed time and stable sleep
latency at 2 weeks after treatment were also attributed to anti-depres-
sion response (OR=1.034, P=0.023 and OR=1.040, P=0.031).
However, after applying the multiple logistic regression, the predicting
effects of CPC indices at week 2 disappeared (P>0.05).

4. Discussion

In this pilot study, we investigated associations between CPC vari-
ables and depression symptoms and sleep quality in patients with MDD
after antidepressant therapy. The subjective assessment methods con-
sisted of the HAMD-24, ESS, and PSQI. It was found that after 2 weeks
of antidepressant therapy, the total sleep time, unstable sleep time, and
sleep efficiency were significantly lower compared with the baseline
values. Total sleep time, unstable sleep episodes, and REM sleep

Table 1
Demographic data of the 41 patients and their correlation with response after 4
weeks *.

S Response after 4 weeks
r P

Age, y 49.8 ± 14.2 0.157 0.326
Gender, male/female 13/28 –0.126 0.431
BMI, kg/m2 24.8 ± 3.2 0.273 0.085
Education, y 8.5 ± 3.8 0.088 0.585
Family history, positive/negative 9/32 0.019 0.908
Relapse, yes/no 15/26 0.191 0.231
Disease course, mo 55.6 ± 66.0 0.211 0.184
Antidepressants, SSRI/non-SSRI 27/14 0.394 0.011
PSQI 17.1 ± 2.2 0.319 0.042

⁎ Data reported as n, unless noted otherwise. Values that are associated with
a P value <0.1 are given in bold.

Table 2
CPC-based sleep quality before and at 2 weeks after beginning treatment.

Week 0 Week 2 t/Z P (2-tailed)

Total sleep time, min 496.0 ± 70.4 452.8 ± 104.3 2.585 0.013*
Stable sleep latency,

min
65.0 ± 87.9 64.6 ± 89.9 –0.237 0.812

Stable sleep time, min 196.2 ± 107.8 184.8 ± 111.3 –0.251 0.802
Unstable sleep, min 191.1 ± 93.0 159.0 ± 71.7 2.297 0.027*
REM sleep time, min 96.1 ± 51.2 98.2 ± 44.5 –0.181 0.856
Wake-up time, min 20.8 ± 28.3 20.5 ± 14.2 –0.912 0.362
Sleep quality ratio 1.7 ± 2.6 1.6 ± 1.9 –0.538 0.591
Sleep efficiency,% 88.2 ± 10.9 82.2 ± 13.6 –2.410 0.016 *
Wake-up episodes, n 7.3 ± 5.2 9.1 ± 4.9 –1.891 0.059
Get-up time, min 7.9 ± 12.8 12.1 ± 17.1 –1.705 0.088

⁎ P < 0.05.

Table 3
Subjective sleep assessments and HAMD-24 item scores.

Week 0 Week 4 Z P (2-tailed)

PSQI 17.1 ± 2.2 9.1 ± 2.0 –5.533 <0.001
ESS 3.6 ± 1.0 3.7 ± 1.1 –0.160 0.873
HAMD-24 Anxiety/somatic 4.0 ± 1.8 1.7 ± 1.5 –5.138 <0.001

Cognition 2.9 ± 1.6 0.6 ± 0.9 –5.261 <0.001
Retardation 5.9 ± 1.0 2.5 ± 1.0 –5.615 <0.001
Somnipathy 4.9 ± 1.4 1.7 ± 1.1 –5.611 <0.001
Despair 3.0 ± 1.2 1.3 ± 0.9 –4.935 <0.001
Total 24.7 ± 3.1 9.9 ± 4.1 –5.581 <0.001
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episodes at baseline were significantly associated with depression le-
vels, as assessed by the HAMD-24 at 2 weeks after treatment. The total
in-bed time and stable sleep latency were significantly associated with
the response to therapy, evaluated at 4 weeks. These findings suggest
that CPC variables can be used to predict the effect of early treatment of
antidepressants on sleep quality in patients with MDD.

The mechanisms that underlie the response of CPC parameters to
antidepressant treatment in MDD are unknown. However, these re-
sponses may help inform our understanding of the pathophysiology of
sleep instability in depression. The present findings that patients with
MDD experience longer stable sleep latency and total in-bed time before
treatment are consistent with the excessive wakefulness-facilitating
factors found in depressed patients (Adrien, 2002). Longer stable sleep

latency and total in-bed time may reflect hyperarousal caused by in-
creased activity of the hypothalamic-pituitary-adrenal axis and central
negative affective process, which increases the possibility of depression
(Adrien, 2002). It is well accepted that the activity of brain regions that
are responsible for higher order autonomic control and regulate heart
rhythm and respiratory rate are altered in depression, and thus may
influence the CPC analysis. These brain regions include the anterior
cingulate, ventromedial prefrontal cortex, insular cortex, and amygdala
(Bae et al., 2006; Drevets et al., 2008; Liotti et al., 2001; van
Eijndhoven et al., 2009; von Leupoldt et al., 2008).

EEG-based PSG is the standard technology for studying sleep
quality. However, the EEG-based PSG focuses on brain activities and
reflects only the macrostructure of sleep, and can be easily affected by

Table 4
Correlations between HAMD scores reduction at week 2 and CPC-Based sleep variables at baseline, reported as r (P).

HAMD-24 scores reduction at week 2
△Cog1 △Ret1 △Som1 △Tol1 PSQI (baseline)

Total sleep time, min 0.073 (0.649) –0.023 (0.888) –0.329 (0.036*) –0.043 (0.790) –0.010 (0.950)
Stable sleep latency, min –0.291 (0.064) –0.099 (0.537) –0.058 (0.721) –0.110 (0.493) 0.076 (0.636)
Unstable sleep episodes –0.197 (0.218) –0.429 (0.005⁎⁎) 0.117 (0.466) –0.244 (0.125) 0.048 (0.766)
REM sleep episodes –0.375 (0.016*) –0.380 (0.014*) –0.166 (0.299) –0.311 (0.048*) –0.100 (0.534)
Wake-up episodes –0.301 (0.056) –0.153 (0.340) –0.292 (0.064) –0.282 (0.074) –0.156 (0.330)

Abbreviations: △Cog1, the cognitive factor score reduction at week 2; △Ret1, retardation factor score reduction at week 2; △Som1, somnipathy factor score
reduction at week 2; △Tol1, total score reduction at week 2.

⁎ P < 0.05;.
⁎⁎ P < 0.01.

Table 5
Correlations between HAMD score reduction at week 4 and CPC-based sleep variables at week 2, reported as r (P).

HAMD-24 scores reduction at week 4
△An × 2 △Ret2 △Des2 △Tol2 PSQI (wk 4)

Sleep score –0.010 (0.953) –0.294 (0.062) 0.035 (0.827) –0.080 (0.620) –0.033 (0.836)
Stable sleep time, min 0.281 (0.075) 0.030 (0.851) 0.085 (0.595) 0.142 (0.375) –0.060 (0.712)
Total in-bed time, min 0.401 (0.009⁎⁎) 0.319 (0.042*) 0.303 (0.054) 0.362 (0.020*) –0.148 (0.357)
Total sleep time, min 0.426 (0.006⁎⁎) 0.197 (0.218) 0.326 (0.037*) 0.281 (0.075) –0.161 (0.316)
Unstable sleep episodes 0.140 (0.382) –0.126 (0.432) 0.328 (0.036*) 0.042 (0.796) –0.146 (0.361)
Get-up episodes –0.050 (0.756) –0.013 (0.936) 0.121 (0.453) 0.033 (0.837) –0.389 (0.012*)
Get-up time, min –0.079 (0.624) –0.048 (0.765) –0.026 (0.871) –0.027 (0.869) –0.392 (0.011*)

Abbreviations: △Anx2, anxiety/somatic factor score reduction at week 4; △Ret2, retardation factor score reduction at week 4; △Des2, despair factor score
reduction at week 4; △Tol2, total score reduction at week 4.

⁎ P < 0.05;.
⁎⁎ P < 0.01.

Table 6
Logistic regression analysis to identify the variables contributing to response to antidepressant treatment.

Variable B SE WALD P OR (95% CI)

Baseline Total in-bed time, min –0.022 0.008 8.218 0.004 0.978 (0.964–0.993)
Stable sleep latency, min –0.018 0.008 5.139 0.023 0.982 (0.968–0.998)

Reduction △Total in-bed time, min –0.016 0.006 8.111 0.004 0.984 (0.973–0.995)
△Stable sleep latency, min –0.025 0.010 6.338 0.012 0.975 (0.957–0.995)

Week 2 * Unstable sleep episodes –0.788 0.293 7.232 0.007 0.455 (0.256–0.808)
Stable sleep latency, min 0.019 0.009 4.866 0.027 1.019 (1.002–1.036)

⁎ Logistic regression with input method.

Table 7
Multiple logistic regression analysis results after adjusting for co-variables.

B SE WALD P OR (95% CI)

Baseline Total in-bed time, min 0.023 0.009 6.670 0.010 1.024 (1.006–1.042)
Stable sleep latency, min 0.024 0.011 4.594 0.032 1.024 (1.002–1.047)

Reduction △Total in-bed time, min 0.033 0.015 5.151 0.023 1.034 (1.005–1.064)
△Stable sleep latency, min 0.039 0.018 4.626 0.031 1.040 (1.003–1.078)

β and p values of multiple logistic regression models were calculated after adjusting for BMI, antidepressant types, PSQI scores at baseline.
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endogenous and exogenous factors (Terzano and Parrino, 2000). Since
sleep is a physiological process in which multiple organs and systems
are involved (Bianchi and Thomas, 2013), ECG-based CPC to study
sleep quality has been developed to supplement PSG (Thomas et al.,
2005, 2017). CPC analysis couples respiratory oscillations during sleep
using an ECG signal. Stable sleep and unstable sleep are characterized
by high- and low-frequency coupling between heart rate and respira-
tion, respectively (Thomas et al., 2005; Thomas et al., 2017). Thus,
ECG-based CPC analysis provides information regarding sleep quality as
well as sleep-disordered breathing (Harrington et al., 2013; Thomas
et al., 2005).

Despite all these advantages, the CPC analysis has some dis-
advantages. Detection of stable and unstable sleep with CPC analysis
reflects only an approximation of the EEG cyclic alternating pattern
(CAP) and non-CAP (Thomas et al., 2005). The CPC analysis is based on
the recorded ECG signal, which is influenced by arrhythmia and other
environmental factors (Guo et al., 2014; Zhu et al., 2016).

Patients with MDD have sleep problems such as insomnia, and CPC
analysis has been used to study sleep quality in these patients.
Yang et al. (2011) used CPC analysis to conclude that medication-free
patients with MDD had reduced stable sleep, increased unstable sleep,
and increased wakefulness/REM sleep, whereas medicated patients
experienced restored sleep stability. This suggests that CPC can be used
to analyze the response to antidepressants in patients with MDD.
Consistent with this, Schramm and colleagues (Schramm et al., 2014)
determined that the antidepressant bupropion increased the stable-
unstable sleep transitions in depressed patients, based on CPC analysis.
This suggests that CPC analysis is useful for evaluating the response to
antidepressants in depressed patients.

In addition, using ECG-based CPC analysis, Schramm et al. (2016)
found that the sleep quality of chronically depressed patients improved
with cognitive behavioral psychotherapy, and Ma et al. (2018) reported
that Tai Chi decreased stable sleep latency, increased stable sleep per-
centages, and decreased unstable sleep percentages in depressed in-
dividuals. In the present study, we used ECG-based CPC analysis to
evaluate the effect of an antidepressant on sleep quality, and found that
patients with MDD experienced a reduction in unstable sleep. Taken
together, these studies indicate that CPC analysis is valuable for eval-
uating the effect of antidepressants on sleep quality in patients with
MDD.

Sleep disturbance has been used to predict the risk of depression,
and is a major symptom in patients with MDD. For example,
Troxel et al. (2012) reported that objectively measured sleep dis-
turbances were associated with an increased risk of non-remission of
depression in patients with MDD. In addition, Peters van Neijenhof
et al. (2018) reported that sleep disturbance independently correlated
with the severity of depression in depressed elderly persons.

Sleep quality can be used to predict the treatment response in pa-
tients with MDD. For example, Troxel et al. (2012) found that objec-
tively measured sleep disturbance predicted treatment outcomes in
depressed patients after psychotherapy. Manglick et al. (2013) reported
that persistent sleep disturbances were associated with poorer treat-
ment responses in adolescents with depression.

EEG-based methods have been used to measure sleep disturbances
for predicting treatment outcome in patients with MDD. For example,
Thase et al. (1998) reported that the EEG sleep profile (REM latency,
REM density, and sleep efficiency) of remitted patients with MDD im-
proved after cognitive behavior therapy. Khodayari-Rostamabad et al.
(2013) found that a machine learning approach based on pre-treatment
EEG data effectively predicted the treatment response to SSRIs in pa-
tients with MDD.

In the present study, we used ECG-based CPC analysis to measure
sleep quality, and found that CPC-based sleep variables such as total
sleep time, unstable sleep episode, and REM sleep episodes were sig-
nificantly associated with improvement in depression at 2 and 4 weeks
after beginning antidepressant treatment in patients with MDD. Our

findings suggest that ECG-based CPC analysis may be a valuable
method for predicting the treatment outcome in patients with MDD.

This study has the following limitations. First, this pilot study in-
cluded a relatively small sample of 41 participants, which may affect
the statistical power of the results. Future studies with a large sample
size are required to confirm the findings of this study. Second, this study
did not include a control group who did not receive antidepressant
treatment. Therefore, although we found that the antidepressant
treatment improved subjective and objective sleep quality in patients
with MDD, we cannot exclude the possibility that these effects were
caused by the passage of time, and are not due to the drug treatment.
Further case-control studies will investigate the effect of antidepressant
treatment on sleep quality using ECG-based CPC analysis. Third, in this
study all the patients were treated with personalized medication and
psychotherapy, and the treatments varied. Future studies will focus on
the predictive effects of CPC indices when specific drugs or types of
psychotherapy are used that target MDD.

Fourth, in this study the follow-up after beginning antidepressant
treatment was relatively short (4 weeks). In our hospital, patients with
MDD are generally discharged after the 4 weeks of treatment. To avoid
the influences of environmental change and refusal to take medication,
a follow-up of 4 weeks was selected as our ending point. Future studies
will investigate the effect of antidepressants with a longer follow-up
period (>6 weeks).

Fifth, this study recruited all patients from a single site, which may
cause a potential sample bias. A recall bias may result from the use of
self-reported questionnaires such as PSQI and ESS. A future multi-
center study will may confirm the findings of this study, using objective
assessment means such as PSG.

Sixth, the age range of the patients in this study was quite wide (18
to 65 years). Since age is a significant factor that affects sleep quality, in
a future study with a large sample size, we will examine the effect of
antidepressant treatment on sleep quality using ECG-based CPC analysis
in patients with a narrower age range.

A final limitation is that the results of the current study were in-
consistent over time. Total sleep time and REM sleep episodes at
baseline were associated with the HAMD-24 score reduction at week 2,
whereas total in-bed time at week 2 was associated with the HAMD-24
score reduction at week 4. This may be due to a number of reasons, such
as small sample size and short follow-up time. Only one night of CPC
analysis may also be unreliable, and may cause a type I error.

In summary, this study investigated the CPC variables that may
predict the therapeutic response to antidepressants in patients with
MDD. It was determined that objective and subjective sleep quality and
symptoms of depression improved after antidepressant treatment. CPC
variables such as total in-bed time and stable sleep latency, measured
before and 2 weeks after beginning treatment, are associated with im-
provements of depression symptoms at 4 weeks in patients with MDD.
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