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function in depression is associated with insomnia, a common symptom comorbid with
depression. This study aimed to investigate the long-term diurnal profile of autonomic function
as measured by heart rate variability (HRV) in both major depression and primary insomnia
patients.

geyworqs: Method: A total of 52 non-medicated patients with major depression, 47 non-medicated
mizziisifn patients with primary insomnia, and 88 matched controls without insomnia were recruited.

Physiologic complexity Each subject was assessed by means of sleep and mood questionnaires and underwent twenty-

Heart rate variability four-hour ambulatory electrocardiogram monitoring. Standard HRV analysis and a well-
validated complexity measure, multiscale entropy, were applied to comprehensively assess the
diurnal profiles of autonomic function and physiologic complexity in our study sample.
Results: Compared with the controls, the patients with major depression and those with
primary insomnia exhibited significant reductions in parasympathetic-related HRV indices,
and this association was mainly driven by the presence of poor sleep. Both groups of patients
also exhibited significant reductions in physiologic complexity during the sleep period as
compared with the healthy controls. Alterations in HRV indices were correlated with perceived
sleep questionnaire scores but not with depression scales.
Conclusions: Our findings suggest a pivotal role of sleep disturbance in regulating
cardiovascular variability in major depression and primary insomnia patients. These findings
could highlight the importance of treating insomnia as an independent disease rather than a

symptom.

© 2010 Elsevier B.V. All rights reserved.
1. Introduction depression. Studies have found that both insomnia and
depression are independent risks of cardiovascular morbidity
Insomnia, which is characterized by a perception of poor and mortality (Mallon et al., 2002; Roose, 2001; Schwartz et al.,
sleep quality, is a common symptom comorbid with major 1999), suggesting potential cardiac autonomic dysregulation in

depression and insomnia.
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diseases comorbid with depression (Carney et al., 2001; Gehi
et al.,, 2005) . One study further suggested that reduced HRV
indices in ischemic heart disease patients with depression
could be reversed by the use of anti-depressants (Yeragani
et al,, 2002). Considering depressive illness itself, conflicting
results have been reported (Bar et al, 2004; Jindal and
Keshavan, 2007; Moser et al., 1998), but majority of the
literature suggests that depression itself is associated with
reduced HRV indices, particularly those related to vagal
activity (Boettger et al., 2008; Guinjoan et al., 1995; Kemp
et al,, 2010b; Nahshoni et al., 2004; Tonhajzerova et al., 2010;
Udupa et al., 2007; Yeragani, 2000).

Patients with primary insomnia may have no significant
symptoms of depression, but insomnia itself has been
suggested to be an important risk factor for onset of
depression in later life (Sateia and Nowell, 2004). Insomnia
has been linked to altered heart rate or autonomic function
(Bonnet and Arand, 1998; Jurysta et al., 2009; Monroe, 1967;
Nilsson et al., 2001), yet it is unclear how insomnia may
affect cardiac autonomic regulation in patients with depres-
sion and those with primary insomnia. Furthermore, despite
a growing body of clinical research regarding the associa-
tion of HRV and depression, the factors contributing to
altered cardiovascular variability in depressed patients
remain largely unknown.

The majority of previous studies investigating autonomic
function in depressed patients have utilized short-term
electrocardiogram (ECG) recordings, for periods ranging
from five minutes to a few hours, with a limited number of
studies regarding depression and autonomic function having
used long-term ECG monitoring (Boettger et al., 2008; Carney
et al., 2001; Yeragani, 2000). In order to elucidate the role of
autonomic dysfunction in depression and its relationship
with insomnia, twenty-four-hour ECG monitoring covering
the sleep period was employed in a sample of non-medicated
patients suffering from major depression and another group
of subjects with primary insomnia.

We hypothesized that insomnia, as measured by per-
ceived sleep questionnaires, may contribute to altered HRV in
the patient group, and applied both standard HRV analysis
and a well-validated complexity measure, multiscale entropy
(MSE), to comprehensively assess the diurnal profiles of
autonomic function and physiologic complexity in our study
sample.

2. Methods
2.1. Subjects

The study sample consisted of three groups of adult
medication-free subjects: patients with major depressive
disorder (n=>52; age, 42.7 +10.2 years; range, 25-63 years),
patients with primary insomnia (n =47; age, 43.9 + 10.4 years;
range, 23-63 years), and healthy controls (n=88; age, 41.6 +
11.7 years; range, 22-64 years). Informed consent was received
from all subjects prior to commencement of the study, and the
protocol was approved by the Institutional Review Board of
Taipei Veterans General Hospital.

The psychiatric diagnosis of major depression or primary
insomnia in each patient was verified by a psychiatrist
using criteria based on the Diagnostic and Statistical Manual

of Mental Disorders, 4th Edition, and each subject's history
of medical disease, psychiatric illness, and medication
use was evaluated by the interview and medical charts
carefully. Subjects were screened and excluded if they
had (1) a comorbid substance-related disorder, (2) hyper-
tension (presence of systolic blood pressure 2140 mmHg
or diastolic blood pressure 290 mmHg) or diabetes (fasting
glucose 2126, mg/dL), (3) an acute medical illness within
3 months of the start of the study, or (4) cardiovascular
disease, severe cardiac arrhythmia, or a frequent ectopic
heartbeat. Subjects were also excluded if they were taking
any medication that has a documented effect on the
autonomic nervous system (e.g., B-blockade and antic-
holinergics drugs).

Depression severity was evaluated by the self-reported
Beck Depression Inventory (BDI) (Beck et al., 1961) and the
psychiatrist-rated Hamilton Depression Rating Scale (HAMD,
17 items) (Hamilton, 1960). Subjective sleep quality was
assessed by the Pittsburgh Sleep Quality Index (PSQI) (Buysse
et al.,, 1989) and daytime sleepiness by the Epworth
Sleepiness Scale (ESS) (Johns, 1991).

2.2. Twenty-four-hour ECG monitoring

Holter recordings (MyECG E3-80 Portable Recorder,
Microstar Inc., Taipei, Taiwan) were used to obtain continuous
24-hour ECG data. The majority of subjects underwent ECG
monitoring at home, with the exception of eight depressed
patients, who were monitored on an acute psychiatric ward.
Participants were asked to maintain their usual daily activities
and to avoid smoking and drinking alcoholic beverages during
testing. All patients were off medication for a week and agreed
to undergo ECG monitoring before initiating medication
treatment and, therefore, were medication-free on the day of
ECG evaluation. Bedtime ECG was defined as the recording
obtained from the time at which subjects went to bed until the
time they got out of bed, and awake ECG as that obtained during
the rest of day. The ECG signals were automatically processed
and analyzed by open-source HRV algorithms (Goldberger
et al., 2000).

2.3. Analysis of standard heart rate variability

Standard HRV analysis has been well-reviewed (Task-
Force, 1996). Time domain measures of HRV include the
mean heart rate and standard deviation of the normal
interbeat intervals (SDNN), the root mean square successive
difference between adjacent normal interbeat intervals
(RMSSD), and the percentage of adjacent intervals that varied
by greater than 50 ms (pNN50) (Mietus et al.,, 2002). The
SDNN assesses the overall variability of interbeat intervals,
while the RMSSD and pNN50 measure the short-term
variation of interbeat intervals, which reflects parasympa-
thetic innervation (Goldberger et al., 2001). Spectral HRV
measures include high-frequency power (HF; 0.15-0.40 Hz),
low-frequency power (LF; 0.04-0.15Hz), and very-low-
frequency power (VLF; 0.003-0.04 Hz). LF power is thought
to be modulated by both sympathetic and parasympathetic
activities, whereas HF power is mainly modulated by
parasympathetic activity. The LF/HF ratio was computed as
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a measure of the sympathovagal balance towards sympa-
thetic activity.

2.4. Analysis of physiologic complexity

Heart rate time series typically exhibit multi-scale variabil-
ity, long-range correlations, and non-linearity (Bar-Yam, 1997)
in healthy conditions. The working definition of physiologic
complexity is based on the degree of unpredictability in heart
rate dynamics, and was assessed in this study using MSE, a well-
validated entropic measure (Costa et al, 2002). Typically,
entropy quantifies the regularity (orderliness) of a time series,
increasing with greater degrees of irregularity, and is at a
maximum for completely random systems. However, this
approach has certain limitations, in that an increase in entropy
may not always be associated with an increase in biologically
meaningful complexity: for instance, beat-to-beat variation in
atrial fibrillation has a higher entropy than that of a sinus
rhythm, yet the former is no more “complex” than the latter in
terms of cardiovascular physiology (Goldberger et al., 2002).
MSE has therefore been proposed to be conducted by
measuring the entropy over multiple time scales inherent in
physiologic signals.

The procedure for calculation of the MSE is summarized in
three steps as follows: 1) construction of coarse-grained
time series according to a scale factor; 2) quantification of
the sample entropy of each coarse-grained time series; and
3) summation of the sample entropy values over a range of
scales. The length of each coarse-grained time series is equal to
the length of the original time series divided by the scale factor:
e.g., for scale one, the time series is simply the original time
series. In the present study, sample entropy was calculated
using a pattern length (m) of 2 and a similarity factor (r) of 0.15.
The sum of entropy over all scale factors from 1 to 20 was
computed for each subject and used to represent the single MSE
measure in subsequent analyses. The computational algorithms
for the MSE are available publicly at www.physionet.org.

2.5. Statistical analysis

The spectral HRV indices were log-transformed to produce
normalized distributions. Chi-squared tests were used to
compare categorical variables, and between-group differ-

Table 1
Clinical and demographic characteristics of the subjects.

ences in diurnal HRV variables were compared using analysis
of variance followed by the Bonferroni post hoc test for
corrections of multiple between-group comparisons. Back-
ward linear regression with p<0.05 was used to identify
significant factors contributing to HRV differences between
groups (if any). Student's t-test was used to assess the diurnal
differences in HRV indices between awake and bedtime
periods. Partial correlation analysis was applied, controlling
for age and BM], to identify associations between HRV indices
and mood/sleep assessments. Statistical Package for the
Social Sciences (SPSS version 15.0, Chicago, IL) software was
used for statistical analyses. A p value of less than 0.05 (two-
tailed) was considered to indicate significance for all
statistical comparisons.

3. Results
3.1. Demographic data

The demographic and clinical data are presented in
Table 1. The patient groups and control subjects did not
differ in terms of the age, BMI, and gender ratio. The
depression group rated higher on the PSQI than the insomnia
group (p=0.008), and both patient groups had significantly
higher PSQI scores than the control subjects (both p<0.001).
The three groups did not differ in terms of daytime sleepiness,
as measured by the ESS.

3.2. Diurnal variation of heart rate variability between groups

For the awake HRV (Table 2), significant between-group
differences were detected in most standard HRV measures
(with the exception of the LF/HF ratio). Post hoc comparisons
showed that the depression and insomnia groups had
comparable measures of standard HRV indices, whereas
most HRV indices were significantly reduced in both patient
groups as compared with the control subjects, particularly
those indices related to parasympathetic activity (e.g.,
RMSSD, pNN50, and HF power). Backward linear regression
showed that age and PSQI were significantly associated with
the parasympathetic-related HRV indices.

Between-group differences in bedtime HRV (Table 3)
were similar to awake HRV. In comparison with the controls,

Measure Major depression n=>52 Primary insomnia n=47 Controls n=88 p
Age (years) 42.7+10.2 4394104 41.6+11.7 0.482
Gender, M/F 20/32 16/31 33/55 0.891
Body mass index, kg/m? 233+3.0 223437 228+20 0.397
Beck Depression Inventory 264+13.7 109+6.5 45+47 <0.001
Hamilton Depression Rating Scale 16.8+7.5 58+5.0 1.0+23 <0.001
Pittsburgh Sleep Quality Index 12.8+4.0 10.7+3.9 43422 <0.001
#1 Subjective sleep quality 24407 24407 1.0+0.7 <0.001
#2 Sleep latency 20+08 1.8+1.0 06+0.8 <0.001
#3 Sleep duration 13+1.2 1.1+13 0.6+£0.7 0.001
#4 Sleep efficiency 1.6+14 1.0+£13 0.1+04 <0.001
#5 Sleep disturbance 1.7+0.8 1.54+0.5 1.0+04 <0.001
#6 Use of sleep medication 21+12 14+14 0.14+05 <0.001
#7 Daytime dysfunction 1.5+0.9 1.2+08 0.740.7 <0.001
Epworth Sleepiness Scale 10.7+£6.2 9.1+54 9.5+43 <0.001
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Table 2

Heart rate variability characteristics during the awake period.
Measure Major depression n=>52 Primary insomnia n =47 Controls n =88 D
Time domain
Mean heart rate, beats/min 83.0+11.3 8334127 786+9.5 0.023
SDNN, ms 93.1+£27.5° 92.4+28.2° 107.9+32.3 0.005
RMSSD, ms 23.7494° 26.94+12.7° 3414192 0.001
pPNN50, % 52457° 7.0+£7.7° 11.8+£126 0.001
Frequency domain
VLF power, In(ms?/Hz) 8.38+0.69° 8.52+0.60° 8.8140.69 0.001
LF power, In(ms?/Hz) 6.794+0.87° 7.044+0.70° 7.384+0.76 <0.001
HF power, In(ms?/Hz) 5.9340.87° 6.144+1.04° 6.5940.99 0.001
LF/HF ratio, normalized unit 3.87+1.71 3.824+2.25 327+1.74 0.126
Complexity measure
Multiscale entropy 21.2+5.1 22.1+£53 22.6+5.1 0.297

@ p<0.05, compared with controls by Bonferroni post-hoc tests.

significant increases in the mean heart rate and decreases
in LF power were observed in the patient groups. Further-
more, RMSSD, pNN50, and HF power were significantly
lower in the depression group than in the control subjects.
These reductions in parasympathetic-related HRV measures
were not seen in the insomnia group. As was the case for
the awake HRV, age and PSQI were identified as significant
predictors of parasympathetic-related HRV indices.

With regards to complexity measurement, significantly
lower MSEs in both the depression and insomnia groups were
detected, exclusively during the bedtime period, as compared
with the healthy controls (p<0.001 and p=0.012, respec-
tively). There were no differences in the MSE between the
three groups during the awake periods.

3.3. Diurnal variation of heart rate variability within subjects
Significant increases in the mean heart rate and LF/HF

ratio and reductions in parasympathetic-related HRV indices
during the awake period as compared with the bedtime

period were observed in all groups (data not shown). With
regards to complexity measure, significant diurnal variation
(awake vs. bedtime period) in MSE was detected only in the
control subjects (p=0.002) and not in either of the patient
groups.

3.4. Correlation of heart rate variability with psychopathology

There was no association between any of the HRV indices and
sleep/mood assessment in the control group, while different
correlative profiles of HRV with psychopathology were identified
in the patient groups.

In the depression group, PSQI was correlated positively
with LF/HF ratio in the awake HRV (r=0.345, p=0.057) and
negatively with awake RMSSD (r= —0.404, p=0.024),
pNN50 (r=—0.359, p=0.047) and HF power (r= —0.376,
p=0.037), whereas daytime sleepiness (assessed by the ESS)
and depression severity (assessed by BDI and HAMD) were
not found to be associated with any of the HRV indices.

Table 3

Heart rate variability characteristics during the bedtime period.
Measure Major depression n=>52 Primary insomnia n =47 Controls n=388 p
Time domain
Mean heart rate, beats/min 69.24+10.2° 69.1+14.3° 63.24+6.5 0.001
SDNN, ms 88.8 +£33.7 88.3+27.9 93.3+£24.7 0.542
RMSSD, ms 32.6+15.8° 356+17.8 42.6+21.1 0.009
pNN50, % 12.74+12.5° 1444145 20.1+£18.2 0.019
Frequency domain
VLF power, In(ms?/Hz) 8.37+£0.83° 8.48 £0.63 8.78+0.54 0.002
LF power, In(ms?/Hz) 6.754+£0.99° 7.04+0.81° 7.4540.65 <0.001
HF power, In(ms?/Hz) 6.41+£1.07° 6.69 +0.99 7.07 +0.87 0.001
LF/HF ratio, normalized unit 2.07+1.08 1.88+1.13 1.91+1.10 0.632
Complexity measure
Multiscale entropy 21.04+4.12P 226+4.7° 246434 <0.001

2 p<0.05, compared with controls by Bonferroni post-hoc tests.

> p<0.05, comparison between the depression and insomnia groups by Bonferroni post-hoc tests.
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For the insomnia group, ESS was correlated positively
with LF/HF ratio in both the awake and bedtime HRV
(r=0.353, p=0.061; r=0.399, p=0.032, respectively) and
negatively with RMSSD (r= —0.446, p=0.015; r=—0.362,
p=0.054, respectively) and HF power (r=—0.488, p=0.007;
r=—0.402, p=0.031, respectively). PSQI and depression
severity were not found to be associated with any of the HRV
indices in the insomnia group.

4. Discussion

The principle findings of this study were as follows: 1) in
comparison with the controls, both the patients with major
depression and those with primary insomnia exhibited
significant reductions in parasympathetic-related HRV indices;
2) both the patients with major depression and those with
primary insomnia exhibited significant reductions in physio-
logic complexity during the bedtime period as compared with
the healthy controls; and 3) alterations in HRV indices were
correlated with perceived sleep questionnaire score but not
with depression scales scores. These results suggest that altered
cardiac autonomic control and physiologic complexity is
associated with poor sleep in patients with major depression
and primary insomnia.

The underlying cause of diminished HRV in depression has
generated considerable interest in recent years. A large-scale
report suggested the association of diminished HRV with
depression was driven by the use of psychotropics (Licht
et al., 2008), but this finding was criticized by controversially
using analysis of covariance (Kemp et al., 2010a). While
impact of antidepressants on HRV remains elusive, our
findings based on a direct comparison of awake and bedtime
HRV among non-medicated sample may strengthen the
previous observation that HRV was reduced in depressed
individuals. Recently, we also observed decreased sleep-
related cardiopulmonary coupling dynamics in the respira-
tory frequency range in depressed patients, which was able to
be reversed by the use of hypnotics (Yang et al., 2010). Hence
the impact of hypnotics on HRV in depression or insomnia
could be a focus of future research.

The pathogenesis of primary insomnia is largely unknown
(Becker, 2006), but may cause predisposition to major
psychiatric disorders such as depression, anxiety, substance
abuse, and other chronic medical disorders (Sateia and
Nowell, 2004). Hyperarousal model with increased sympa-
thetic nervous system activity may well explain our HRV
results in both depression and insomnia group (Bonnet and
Arand, 2010). Of note, anxiety has been attributed to reduced
HRV in depressive patients (Rottenberg, 2007). Despite this
study did not employ a specific anxiety questionnaire, we did
not find significant correlations between HRV indices and
anxiety-related components of HAMD and BDI (data not
shown). Furthermore, contrary to a recent meta-analysis
reporting significant correlations between depression sever-
ity and HRV (Kemp et al., 2010b), we found the association
between diminished HRV and poor sleep. It is noteworthy
that most of prior depression/HRV studies did not involve
sleep-related measures or assessments. Our findings may
therefore provide new insights into the depression and
cardiac autonomic dysregulation.

This study employed a nonlinear method termed MSE,
which is adapted from complexity theory, to detect changes in
physiological complexity in patients with depression and
primary insomnia. Alteration in physiologic complexity may
reflect underlying autonomic dysregulation, which is known to
be associated with increased comorbidity and poor outcomes of
cardiovascular diseases (Goldberger et al., 2002). Recent
evidence suggests that reduced MSE is associated with
mortality in trauma patients (Norris et al., 2008; Norris et al.,
2009) and is potentially a novel, sensitive marker for predicting
outcomes of cardiovascular disease (Valencia et al., 2009). Our
findings show that reduced physiologic complexity in depres-
sion and insomnia was observed exclusively during the
bedtime period, indicating a pivotal role of sleep disturbance
in the pathophysiology of cardiac autonomic controls in these
patients. Moreover, we found the correlations between MSE
and standard HRV measures to be weak in general (Table A1),
suggesting an independent role of MSE in the quantification of
cardiovascular physiology.

Several limitations influence the interpretation of the
findings presented in this study. First, as this was a case-
control study, the possibility of selection bias cannot be
excluded due to various confounders (e.g., smoking status).
Second, we were unable to evaluate hyperarousal state based
solely on ECG signal, and patients with insomnia may
misinterpret their sleep. Our findings may be biased due to
subjective sleep reports and this limitation may be compen-
sated by the aid of objective sleep assessment in the future
research. Of interest, we have shown previously that depressed
patient with insomnia was associated with unstable sleep
based on cardiopulmonary coupling analysis using ECG signals
(Yang et al., 2010). Third, evaluation of medical condition was
based on interviews with patients and reviews of medical
charts, and we cannot exclude the possibility that subjects may
have had undiagnosed medical conditions that could have
affected the HRV analysis. For example, sleep apnea has known
effects on HRV measures (Narkiewicz et al, 1998). Despite
these limitations, our findings may have important implications
in clinical practice. Appropriate management of insomnia may
lower the risk of cardiovascular disease and minimize associ-
ated morbidity and mortality. Comparison of the different
treatments available for insomnia and investigation of their
effects on cardiac autonomic function in these patients could be
a focus of future research.
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Appendix A

Table A1
Partial correlations between multiscale entropy and standard heart rate
variability.

Relationship with
HRV indices n=187

Multiscale entropy
awake period

Multiscale entropy
bedtime period

r p r p
Mean heart rate, beats/min —0.254 0.012 —0.052 0.615
SDNN, ms —0.016 0.873 —0.015 0.884
RMSSD, ms 0.148 0.147 0.198 0.051
pPNN50, % 0.103 0317 0.229 0.024
VLF power, In(ms?/Hz) 0.276 0.006 0.186 0.067
LF power, In(ms?/Hz) 0.333 0.001 0.270 0.007
HF power, In(ms?/Hz) 0.229 0.024 0.286 0.004
LF/HF ratio, normalized unit —0.004 0.970 —0.137 0.181

Abbreviations:

r: partial correlation coefficient, controlled for age and BMI.

SDNN: standard deviation of the normal interbeat intervals.

RMSSD: root mean square successive difference between adjacent
normal interbeat intervals.

PNN50: percentage of adjacent intervals that varied by greater than
50 ms.

VLF: very-low-frequency component of heart rate variability (0.003-
0.04 Hz).

LF: low-frequency component of heart rate variability (0.04-0.15 Hz).
HF: high-frequency component of heart rate variability (0.15-0.4 Hz).
LF/HF: ratio of low-frequency to high-frequency.

The absolute values of spectral heart rate variability indices were log-
transformed.
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