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Objectives: The autonomic nervous system (ANS) dysregulation is a well 
known risk of adverse cardiovascular events. Analysis of heart rate variability 
(HRV) can give a valuable window into the ANS function being implicated in vari-
ous medical diseases. But HRV analysis is not well established although psychiat-
ric research fi ndings have shown considerable association of psychopathology 
with cardiovascular comorbidity. In this review, we introduce the principle and 
technique of HRV analysis and illustrate how HRV analysis can shed light on neu-
robiology of psychiatric disorders. Methods: We present HRV methods and appli-
cations to quantify ANS dysregulation associated with psychiatric disorders. We 
will also highlight the novel approaches of HRV analysis to study mental illnesses 
in the context of genetic inferences and sleep physiology. Results: Symptoms of 
ANS disturbance are common in psychiatric disorders. HRV analysis has been 
used to quantify ANS dysregulation in depression, anxiety, and schizophrenia. 
Moreover, we reveal that some variations in genes, such as the genes encoding 
apolipoprotein-E and brain-derived neurotrophic factor, may have signifi cant im-
pact on cardiac dynamics which are implicated in psychopathology of psychiatric 
disorders. Finally, we introduce cardiopulmonary coupling analysis which is ad-
opted from HRV analysis to show its application to quantify sleep stability. Con-
clusions: Investigating ANS functions may give insight into understanding neuro-
biology of psychiatric disorders. We need prospective studies of ANS dysregulation 
in various psychiatric disorders to evaluate their psychopathology connected with 
cardiovascular comorbidity.
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Introduction

Instantaneous heart rate in response to physi-
ological perturbations often exhibits remarkable 
oscillations at multiple time scales. These oscilla-
tions are mainly mediated by the autonomic ner-
vous system (ANS) through parasympathetic and 
sympathetic innervations and are known as “heart 
rate variability” (HRV). The analysis of HRV has 
provided a useful, noninvasive tool in clinical re-
search to assess ANS function, and has generated 
considerable attention for over two decades be-
cause of its relatively low cost and widespread 
availability. 

Loss of normal ANS control of cardiac dy-
namics is an important risk factor for adverse car-
diovascular events. HRV is used to quantify car-
diovascular risk in a wide range of medical 
diseases including hypertension, myocardial in-
farction, heart failure, stroke, diabetes, and renal 
failure [1]. The most important and validated ap-
plication of HRV analysis is the risk stratifi cation 
of myocardial infarction. Reduced HRV is signifi -
cantly associated with increased risk of mortality 
in post myocardial infarction patients [2]. 

Intriguingly, the sense of emotion is often re-
ferred literally to heart, such as “broken heart” for 
feeling of sadness, or “pounding heart” for feeling 
of seeing a beloved person. Indeed, studies on car-
diovascular diseases have been found that psycho-
social risk factors (e.g., depression or hostility) 
are associated with ANS dysregulation [3]. 

Because the mental status also impacts on 
the ANS signifi cantly, analysis of HRV in the 
mentally ill may shed light on the psychobiology 
of psychiatric disorders in relation to the cardio-
vascular physiology. In this article, we review the 
principle of HRV techniques and their applica-
tions to psychiatric disorders. We also highlight 

the novel approaches of HRV analysis to study the 
neurobiology of psychiatric disorders in the con-
text of genetic inferences and sleep physiology. 

Methods for Heart Rate 
Variability Analysis

Measurement of HRV is based on calculating 
the time interval between each heartbeat (interbeat 
interval or R-R interval) of the electrocardiogram. 
Many algorithms which have been proposed for 
being used to analyze interbeat interval time se-
ries, are generally categorized as: time-domain, 
frequency-domain and nonlinear methods. Each 
domain of HRV methods is based on distinct as-
sumptions and approaches. 

Time-domain methods: how much vari-
ability is there?

Time domain measures of HRV simply esti-
mate the statistical variability of interbeat inter-
vals. For long-term assessment, we measure the 
mean heart rate and standard deviation of the nor-
mal interbeat intervals (SDNN) [4]. For interme-
diate-term assessment, we record standard devia-
tion of the averages of normal interbeat intervals 
in all fi ve-minute segments of the entire recording 
(SDANN) [4]. And for short-term assessment, we 
calculate the root mean square successive differ-
ence between adjacent normal interbeat intervals 
(RMSSD) [4], and the percentage of adjacent in-
tervals that varied by greater than 50 ms (pNN50) 
[5].

Frequency-domain methods: what are 
the underlying rhythms?

The methods commonly used to estimate un-
derlying rhythm of the interbeat interval time se-
ries include Fourier transform, autoregressive 
procedures, or Lomb periodogram. Among those 
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methods, the most widely used one is Fourier 
transform, which is based on an assumption that 
any signal consists of an ensemble of sinusoidal 
waves with different frequencies and amplitude. 
The amplitude/frequency information can be 
mapped to a spectrum representing by amplitude/
power (on y-axis) as a function of frequency 
(x-axis). 

Spectral HRV methods quantify frequency 
components of HRV that are expressed as the 
power (or energy) in three frequency regions or 
bands: high-frequency power (0.15-0.40 Hz), 
low-frequency power (0.04-0.15 Hz), and very-
low-frequency power (0.003-0.04 Hz) [6]. 
Quantifi cation of parasympathetic and sympathet-
ic nervous system function can be estimated from 
spectral analysis of HRV. Low-frequency power is 
modulated by both sympathetic and parasympa-
thetic activities and high-frequency power by 
parasympathetic activity alone [7]. The low-fre-
quency/high-frequency ratio is computed as a 
measure of the sympathovagal balance toward 

sympathetic activity [8]. The physiologic mecha-
nism underlying very-low-frequency power is dis-
puted, but possibly mediated partly by the renin-
angiotensin-aldosterone system [6], and the 
parasympathetic modulation [1].

Nonlinear methods: what are complex-
ity and self-similarity?

Complexity, the hallmark of healthy human 
function, is manifested physiologically and be-
haviorally in daily activities, heart rate, blood 
pressure, and brain electrical activities [9]. The 
term “complexity” is often confusing but does 
have rigorous physical defi nitions. Heart rate dy-
namics under healthy conditions typically exhibit 
“complex” oscillations, showing multi-scale vari-
ability, long-range correlations (or self-similarity), 
and non-linearity [10]. Time and frequency do-
main measures often cannot quantify important 
nonlinear properties [11]. Figure 1 is a compari-
son of interbeat interval time series from a healthy 
subject and a heart failure patient. It is important 

Figure 1.     A comparison of interbeat interval time series between (A) a patient with 
heart failure and (B) a healthy elderly subject. Each recording consists of 
600 seconds of interbeat interval time series. They had different physiologic 
complexity but both had similar means and standard deviations of interbeat 
interval time series: 0.97 ± 0.02 second in panel A and 0.98 ± 0.02 second in 
panel B.
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to note that these two subjects with very different 
physiological conditions nevertheless had a simi-
lar statistical measure in mean and standard devia-
tion of interbeat intervals. The complementary 
role of scaling or complexity analysis is, there-
fore, an important tool to quantify the nonlinear 
properties of physiological signals. Here we brief-
ly describe two nonlinear HRV methods.

Detrended fl uctuation analysis
Detrended fl uctuation analysis (DFA) quanti-

fi es the presence of long-range (fractal) correla-
tions [12]. In the DFA method, the root-mean-
square fl uctuation of integrated and detrended 
time series is measured at different observation 
windows and plotted against the size of the obser-
vation window on a log-log scale. 

The scaling exponent α is then derived from 
the slope of line fi tting to the obtained log-log 
plot. Low-exponent values represent reduced frac-
tal property of heart rate dynamics and have been 
implicated in the risk of fatal cardiac arrhythmia, 
increased mortality, or poor prognosis in cardio-
vascular diseases [13].

Multiscale entropy
Traditional complexity measurements are 

based on the concept of entropy which quantifi es 
the regularity (orderliness) of a time series. 
Entropy increases with the degree of disorder and 
becomes maximal for completely random sys-
tems. But an increase in entropy may not always 
be associated with an increase in dynamical com-
plexity. For instance, heart rate rhythm of atrial fi -
brillation has higher entropy than that of sinus 
rhythm, yet the former is no more complex than 
the later. A biologically meaningful complexity 
measure is proposed to measure the entropy over 
multiple time scales inherent in physiological sig-
nals, termed multiscale entropy (MSE) [14]. 

The procedure and calculation of the MSE 
has three steps: (A) construction of coarse-grained 
time series, (B) quantifi cation of the sample en-
tropy of each coarse-grained time series, and (C) 
summation of the sample entropy values over a 
range of scales. Typically, the sum of a sample en-
tropy over all scale factors from 1 to 20 is com-
puted to represent the MSE measure.

Application of Heart Rate 
Variability in Psychiatric 

Disorders

Several signs and symptoms of psychiatric 
disorders are related to the ANS dysregulation. 
For example, depressed patients often complain of 
dryness of the mouth, constipation/diarrhea, or in-
somnia. Those clinical observations do not limit 
to depressed patients alone but also to a broad 
spectrum of mental illnesses. Altered ANS func-
tion assessed by analysis of HRV, has been inves-
tigated in the following psychiatric disorders.

Depressive disorders
The research of link between depression and 

ANS dysfunction have attracted the most atten-
tion in recent years. Epidemiological studies have 
shown that depression is an independent risk of 
cardiovascular morbidity and mortality [15]. 
Patients who are suffering from cardiovascular 
diseases (e.g., myocardial infarction or coronary 
heart disease) being comorbid with depression, 
are known to have a reduced short- and long-term 
HRV measures [3, 16]. One study further suggests 
that reduced HRV measures in ischemic heart dis-
ease patients with depression can be reversed by 
the use of antidepressants [17]. 

In studying HRV-measures in the depressive 
illness itself, confl icting results have been found 
[18], but many published articles suggest that the 
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depression itself is associated with reduced HRV 
[19, 20]. Nontheless, a recent report indicates that 
use of antidepressants may also contribute to re-
duced HRV in depressed individuals [21].

Anxiety disorders
Anxiety disorders are other typical mental 

illnesses that are commonly present with ANS 
disturbances. Anxiety symptoms are often associ-
ated with an increased cardiovascular mortality 
[15]. Patients with panic disorder or phobic anxi-
ety are at increased risk of cardiovascular disease 
compared with control subjects [22, 23].

Stress has been known to alter sympathova-
gal balance toward sympathetic predominance 
[24]. Recent studies using HRV analysis suggest a 
decreased cardiac vagal function and a relatively 
increased sympathetic function in patients with 
anxiety disorders [25, 26]. One study also pro-
vides the link between trait anxiety and ANS dys-
function using HRV analysis [27]. Palpitation, a 
common symptom of the panic attack, are linked 
to reduced central parasympathetic activity, re-
sulting in increased heart rate during panic attacks 
[28].

Schizophrenia
“Soft” neurological sign such as autonomic 

dysfunction is implicated in schizophrenia be-
cause the limbic system and associated subcorti-
cal brain areas are involved in higher-order con-
trol of ANS. Unmedicated schizophrenic patients 
show decreased RMSSD, pNN50, and spectral 
high-frequency power compared to healthy con-
trol subjects, suggesting a reduced vagal modula-
tion [29, 30]. Other studies have been observed an 
association between decreased vagal tone in 
schizophrenic patients and an increased severity 
of psychotic symptoms [31, 32]. 

Certain antipsychotic drugs are found to have 
adverse effects on ANS functions. Patients treated 
with antipsychotic medications, especially clo-
zapine, showed ANS dysregulation and abnormal 
cardiac repolarizations [33, 34]. Those data sug-
gest that both the schizophrenic illness and its 
treatment may contribute to the increased risk of 
cardiovascular comorbidity. The association be-
tween the use of antipsychotics and adverse car-
diovascular event is still not fully understood. 
Amisulpride has been found to protect ANS func-
tion compared to olanzapine after patients’ medi-
cation being switched from fi rst-generation anti-
psychotic drugs [35].

Other psychiatric disorders
Certain personality trait such as hostility, is 

known to be associated with ANS dysregulation. 
Men with hostility show decreased vagal modula-
tion and sympathetic predominance as measured 
by spectral HRV indices [36].

ANS dysregulation has been implicated in 
other mental illnesses. Limited evidence suggests 
a possible association between bipolar disorder 
and ANS dysregulation but confl icting results 
have also been reported [37, 38]. Patients with bi-
polar disorder may be treated with antimanic 
agents such as lithium, valproate or carbamaze-
pine, which show no signifi cant effect on HRV. A 
recent study has been found that bipolar patients 
with declined heart rate complexity have more se-
vere psychiatric symptoms, suggesting that ANS 
dysregulation in bipolar disorder may be depen-
dent on the phase of the illness [39].

HRV is possibly implicated in attention defi -
cit/hyperactivity disorder (ADHD), because the 
sympathetic tone is essential for the alertness and 
motivation. An early study has been found that 
ADHD patients have lower sympathetic-related 
spectral HRV measure compared to healthy sub-
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jects [40]. But one recent study has been found to 
have contradicting results [41], and another study 
shows no association between ADHD and altered 
sympathovagal balance [42].

Dementia is another neuropsychiatric disor-
der which is comorbid with ANS dysregulation 
[43]. One study reports the fi ndings of an associa-
tion between reduced parasympathetic modula-
tion and cognitive impairment in a sample of dis-
abled, community-dwelling elderly women [44]. 
We also show that a sample of non-demented el-
derly veterans who have reduced cognitive func-
tions, especially those related to short-term mem-
ory and attention, are found to be associated with 
decreased parasympathetic HRV indices, indicat-
ing a common pathophysiology underlying the 
cognitive and ANS dysfunction [45].

Genetic Inference on 
Heart Rate Variability

Analysis of HRV has been proposed to be a 
quantitative phenotypic marker of ANS activity 
[46]. Family and twin studies show a signifi cantly 
genetic infl uence on various HRV measures, with 
heritability being estimated up to 65% [47]. 
Several genetic polymorphisms related to cardio-
vascular functions are found to affect HRV. For 
example, the high-frequency (vagal) spectral com-
ponent of HRV is associated with a common poly-
morphism of the gene encoding angiotensin-con-
verting enzyme [48]. The polymorphic variation 
in the choline transporter gene is signifi cantly as-
sociated with vagal-related HRV indices [49]. A 
polymorphism in the gene coded for β2-adrener-
gic receptors is related to modulating sympathova-
gal balance [50]. More recently, a polymorphism 
in the C-reactive protein gene shows to contribute 
to both C-reactive protein levels and HRV in a 
healthy adult sample [47]. 

The evidences of the association between 
HRV and genes encoding neuropsychiatric disor-
ders are limited. In our laboratory, we have recently 
identifi ed two neuropsychiatry-related genes that 
are associated with changes in HRV measures: 
apolipoprotein E (APOE) gene [51] and brain-de-
rived neurotrophic factor (BDNF) gene [52].

Apolipoprotein E gene and heart rate 
complexity

Aging and illness have been suggested to be 
associated with reduced behavioral or physiologi-
cal complexity [9]. Little is known about the ge-
netic predisposition to reduced physiological 
complexity among the elderly. We applied the 
MSE analysis (as shown in nonlinear HRV meth-
ods) to examine effects of the APOE genotypes on 
heart rate complexity in a cohort of robust elderly 
adults [51]. Our results show that the reduced 
physiological complexity is associated with the 
APOE ε4 allele in this elderly sample, suggesting 
a pivotal role of genetic inference in physiological 
aging and ANS dysregulation (Figure 2). Of inter-
est, studies have shown that vagal tone-increasing 
procedures/exercise (e.g., meditation or Tai-Chi 
exercise) can protect heart functions [53]. 
Therefore, further research is warranted to exam-
ine if an appropriate treatment/prevention can 
compensate the adverse impact of APOE ε4 allele 
on physiological functions.

Brain-derived neurotrophic factor gene 
and sympathovagal balance

BDNF, a secretory protein in the neurotroph-
in family, is essential for the survival, develop-
ment and maintenance of the neuronal system. A 
functional Val66Met polymorphism in the human 
BDNF gene has been found in studies of both hu-
mans and animals to affect anxiety traits and be-
haviors and that it may also have neurotrophic or 
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regulatory effects in neurons related to both the 
sympathetic and parasympathetic systems [54, 
55]. We studied the association between BDNF 
Val66Met polymorphism and time/frequency 
components of HRV in healthy subjects [52]. We 
found that subjects bearing the BDNF Met/Met 
genotype had decreased RMSSD, pNN50, and 
high-frequency power and increased low-frequen-
cy/high-frequency ratio [52]. Those study fi ndings 
suggest an altered sympathovagal balance with 
reduced parasympathetic modulation and possibly 

increased sympathetic activity (Figure 3). This 
observation leads to further investigation of 
BDNF-associated ANS imbalance on incidence of 
anxiety disorders and cardiovascular diseases.

Sleep: A Special Application 
Adopted from Heart Rate 

Variability Analysis

ANS function is known to change from wak-
ing to sleep or during different sleep stages. 

Figure 2.    Multiscale entropy analysis by APOE status. Reproduced from [51]

Figure 3.     Association of brain-derived neurotrophic factor polymorphism with spectral com-
ponents of heart rate variability. The asterisk indicates that the p-value was less 
than 0.05 for the comparison between the Met/Met and Val/Val genotypic group. 
Reproduced from [52]
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Generally, parasympathetic tone is predominant 
during sleep, but sympathovagal balance varies 
according to the depths of sleep stages and types 
[56]. Therefore, quantifying HRV during sleep, 
particularly those measures related to ANS func-
tions, is useful in assessing sleep in the context of 
cardiovascular physiology. 

Recently, a new method of quantifying sleep, 
termed cardiopulmonary coupling (CPC) analy-
sis, was developed based on estimating the cou-
pling of ANS and respiratory drives, using heart 
rate and respiratory modulation of QRS ampli-
tude, respectively. Both informations can be read 
from a single channel of electrocardiogram [57]. 
Physiologically stable sleep is associated with 
high-frequency coupling between heart rate and 
respiration at frequencies of 0.1 to 0.4 Hz, where-
as physiologically unstable sleep is associated 
with low-frequency coupling between heart rate 
and respiration over a range of 0.01 to 0.1 Hz. The 
presence of very-low-frequency coupling between 
heart rate and respiration below 0.01 Hz is corre-
lated with waking or REM sleep. 

The CPC analysis has been validated to de-
tect sleep apnea based solely on the electrocardio-
gram signal [57, 58]. We have also shown the use 
of CPC method in evaluating sleep quality in pa-
tients with major depression [59]. The results 
showed that depressed patients had signifi cantly 
increased unstable sleep compared to healthy con-
trols, and that this increase in unstable sleep can 
be partially normalized using hypnotic drugs. Of 
interest, the spectral measures used in CPC analy-
sis (i.e., low- or high-frequency coupling) are fun-
damentally different from conventional spectral 
HRV analysis. In CPC analysis, we incorporate 
both respiration and heart rate signals to measure 
the degree of coupling between them.

Limitations of Heart Rate 
Variability Analysis

Despite hundreds of publications on HRV 
analysis examining multiple measures, practical 
clinical application remains disappointing. This 
problem is mainly due to the lack of specifi city of 
HRV analysis in diagnosis and outcome predic-
tion. Arrhythmias and noise also signifi cantly af-
fect the accuracy of HRV estimation, even in the 
case of simple time-domain algorithms, thus ham-
pering the use of HRV techniques in certain pa-
tients (e.g., medically ill or uncooperative, men-
tally ill patients). More sophisticated techniques, 
including frequency domain measures and those 
measures derived from nonlinear dynamics and 
complexity theory, are more diffi cult to validate 
and standardize [1].

Few resources exist to give freely available 
databases of cardiac physiology for testing, refi ne-
ment, and validation of both older and newer al-
gorithms. One of widely known resources is 
Physionet (http://physionet.org), which is a re-
search resource for complex physiological signals. 
This website has been created under the National 
Center for Research Resources of the National 
Institutes of Health in the United States, intending 
to stimulate current research and new investiga-
tions in the study of cardiovascular and other 
complex biomedical signals [60].

Conclusion

Many uncharted areas still exist in the con-
text of cardiovascular physiology and mental ill-
nesses. Understanding the association between 
psychiatric disorders and fatal cardiovascular 
events, we can give appropriate managements for 
the mentally ill to lower their risk of cardiovascu-
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lar diseases and their associated morbidity and 
mortality. Moreover, studying neuropsychiatric 
genetic inferences on cardiac dynamics may give 
more insight into neurobiology of psychiatric dis-
orders. We need prospective studies of ANS dys-
regulation in various psychiatric disorders to eval-
uate a psychopathology in connection with 
cardiovascular comorbidity.
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