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Background: Generalized anxiety disorder (GAD) is a chronic and highly prevalent disorder
that is characterized by a number of autonomic nervous system symptoms. The purpose of
this study was to investigate the linear and nonlinear complexity measures of heart rate vari-
ability (HRV), measuring autonomic regulation, and to evaluate the relationship between HRV
parameters and the severity of anxiety, in medication-free patients with GAD.

Methods: Assessments of linear and nonlinear complexity measures of HRV were performed in
42 medication-free patients with GAD and 50 healthy control subjects. In addition, the severity
of anxiety symptoms was assessed using the State-Trait Anxiety Inventory and Beck Anxiety
Inventory. The values of the HRV measures of the groups were compared, and the correlations
between the HRV measures and the severity of anxiety symptoms were assessed.

Results: The GAD group showed significantly lower standard deviation of RR intervals and
the square root of the mean squared differences of successive normal sinus intervals values
compared to the control group (P<<0.01). The approximate entropy value, which is a nonlin-
ear complexity indicator, was also significantly lower in the patient group than in the control
group (P<0.01). In correlation analysis, there were no significant correlations between HRV
parameters and the severity of anxiety symptoms.

Conclusion: The present study indicates that GAD is significantly associated with reduced
HRYV, suggesting that autonomic neurocardiac integrity is substantially impaired in patients with
GAD. Future prospective studies are required to investigate the effects of pharmacological or
non-pharmacological treatment on neuroautonomic modulation in patients with GAD.
Keywords: generalized anxiety disorder, heart rate variability, parasympathetic modulation

Introduction
Generalized anxiety disorder (GAD) is a chronic and highly prevalent disorder that is
characterized by uncontrollable excessive worry, chronic anxiety, and tension.' Typi-
cally, GAD is accompanied by a number of physical symptoms that result in significant
impairment of daily social and occupational functioning.?* In addition to various
cognitive and emotional anxiety symptoms, it is further characterized by autonomic
nervous system (ANS) symptoms, including hot flashes, palpitations, perspiration,
and shaking.>* The increased cardiovascular morbidity associated with GAD may in
fact be related to the ANS dysregulation underlying the disorder.>¢

The analysis of heart rate variability (HRV), that is, the variation in the cardiac
interbeat interval over time, has proven to be both practical and useful in evaluating
ANS dysregulation, since its measurement is noninvasive, easy to perform, and
reproducible.” Recently, novel nonlinear measures of HRV gave rise to a new
approach to the understanding of the complex phenomena surrounding neurocardiac
processes and have provided clinically useful information regarding the hidden
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dynamics of ANS dysregulation in neurological and psy-
chiatric disorders.'* !

Several studies have reported that there are diminished
HRYV in patients with GAD," " though not all studies have
observed such associations; hence, there are few inconsisten-
cies. A recent meta-analysis by Chalmers et al’ revealed that the
frequency domain measure of HRV, such as high frequency,
is significantly reduced in patients with GAD compared to
healthy control subjects. This meta-analysis suggests that GAD
adversely affects the autonomic regulation of cardiovascular
homeostasis, particularly highlighting the adverse effects on
the reactivity of the parasympathetic nervous system.’

However, several key features of the relationship between
GAD and HRYV are still unclear. Previous studies'>" on
HRYV in patients with GAD mainly focused on the linear
measures of HRV, especially the frequency domain mea-
sures. However, the effects on parasympathetic nervous
system reactivity may be better reflected in the time domain
measures of HRV than in the frequency domain measures
alone.’ In addition, the relationship between the HRV mea-
sures and the severity of anxiety in patients with GAD has not
been sufficiently investigated and needs further exploration.
Moreover, the nonlinear dynamic measures of HRV have
not been explored so far in GAD. Even though the nonlinear
measures of HRV, which are derived from the concepts of
chaos and fractal theories, are considered to be a useful tool
and have proven valuable in complementing conventional
measures in various clinical conditions,'*'22%2! few studies
have addressed their usefulness in patients with GAD. In
particular, complexity measures have been reported to be
useful in uncovering subtle alterations of autonomic neu-
rocardiac modulation and to have utility in broader clinical
and research applications.!*?>% Hence, the purpose of the
present study was to investigate both linear and nonlinear
complexity measures of HRV and to evaluate the relation-
ship between HRV parameters and the severity of anxiety,
in medication-free patients with GAD.

Materials and methods

Subjects

The study protocol was approved by the Institutional Review
Board of the Gachon University Gil Medical Center, and all
procedures used in the study were conducted in accordance
with the Declaration of Helsinki. The criteria for patient
recruitment were 1) a diagnosis of GAD according to the
Diagnostic and Statistical Manual of Mental Disorders,
Fourth edition (DSM-IV),! which was established using
the Structured Clinical Interview for DSM-IV;** 2) age
20-50 years; 3) not taking psychotropic medication such

as antidepressants or benzodiazepines for at least 7 days
before the HRV assessment; and 4) not taking any drugs
that affect heart rate, such as beta blockers or other anti-
arrhythmic agents. Patients were excluded if they 1) met
diagnostic criteria for a psychiatric diagnosis other than
GAD; 2) had a concurrent diagnosis of substance abuse or
dependence; 3) had any concurrent cardiovascular, neurologi-
cal, or endocrinological diseases. Healthy control subjects
were also recruited and screened with a complete medical
and psychiatric examination, and none had a history of any
disease or medication, such as beta blockers or other antiar-
rhythmic agents, which could have affected the ANS. Written
informed consent was obtained after a full explanation on
the study procedure.

Assessments
HRYV measurements were performed on the same day follow-
ing the clinical evaluation. Vigorous exercise and caffeinated
beverages, including coffee and tea, were not allowed on
the day prior to the HRV measurement. After each subject
had been allowed to adapt to the experimental conditions
for ~10 minutes, a 10-minute single channel (three-lead)
electrocardiogram (ECG) recording was performed, while the
participants were resting in a seated position. The ECG signal
was amplified and digitized at a sampling rate of 400 Hz
(width path 0.05-35 Hz). The RR interval time series was
generated using the automatic scheme in order to detect the
R peak in the ECG, using methods proposed previously.?
In the conventional time domain analysis of HRV, the
standard deviation of RR intervals (SDNN) and the square
root of the mean squared differences of successive normal
sinus intervals (RMSSD) were computed, according to the
standardized procedures. A spectral analysis was carried
out using fast Fourier transformation for the frequency
domain analysis. Three major frequency ranges, the very
low frequency (VLF) band (<0.04 Hz), low frequency
(LF) band (0.04-0.15 Hz), and high frequency (HF) band
(0.15-0.4 Hz), were calculated, as previously described.?
For the nonlinear complexity measure, the approximate
entropy (ApEn), which is a parameter developed to quantify
the degree of regularity versus the unpredictability in a higher
dimensional attractor reconstructed from a time series, such
as the instantaneous heart rate time series, was calculated
using the method proposed by Pincus.? The ApEn measures
the difference between the logarithmic frequencies of similar
runs of length “m” and runs with the length “m+1”, calculat-
ing the logarithmic likelihood that runs of patterns, which are
close to each other, will remain close in the next incremen-
tal comparisons.””*' The ApEn is strongly correlated with
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respiratory sinus arrhythmia (RSA).>3! A lower value of
ApEn reflects a higher degree of regularity, and conversely
the higher the entropy value, the more unpredictable the
time series.

The severity of anxiety symptoms in patients with
GAD was assessed using the State-Trait Anxiety Inventory
(STAI)*? and Beck Anxiety Inventory (BAI).*

Statistical analysis

Demographic variables were compared between the groups
using ¢-tests and chi-square tests, as appropriate. Since
the HRV data in our study did not meet the assumption of
normality, the data were log-transformed. However, log
transformation also did not normalize the data, other than for
the RMSSD value (Kolmogorov—Smirnov P-value; SDNN:
0.001, RMSSD: 0.079, VLF: <0.001, LF: <0.001, HF:
0.002). Therefore, nonparametric Mann—Whitney U-tests
were used for between-group comparisons, and P<<(0.01
was considered statistically significant with adjustment for
multiple comparisons. The level of P<<0.05 was considered
a statistical tendency. The correlations between the HRV
measures and the severity of anxiety symptoms in the patient
group were assessed using partial correlation analysis, con-
trolling for the effects of age. The research further performed
correlation analysis using the locally weighted scatterplot
smoothing (LOESS) method to examine a possible curvi-
linear relationship. In partial correlation analysis, the level
of significance was P<<0.01 with adjustment for multiple
correlations. All statistical analyses were performed using
SPSS 19.0 for windows (SPSS, Chicago, IL, USA).

Results

Forty-two outpatients (23 men and 19 women) with GAD
and 50 (33 men and 17 women) healthy control subjects were
enrolled. The patients had a mean age of 33.81+7.7 years and
a mean duration of illness of 2.5%1.3 years. At enrollment,
the mean total STAI-State, STAI-Trait, and BAI scores of

Table I Comparison of demographic variables between the groups

the patients were 56.117.6, 56.319.1, and 31.0£11.5, respec-
tively. Table 1 presents the demographic characteristics of the
groups. There were no significant differences in age, gender,
or smoking status between the groups (P>0.1) (Table 1).

A comparison of the HRV parameters between the
groups is shown in Table 2. Compared to the control
group, the patient group showed significantly lower SDNN
(z score =—3.77, P<0.01) and RMSSD (z score =—2.91,
P<0.01) values (Table 2). There was no significant differ-
ence in the power spectrum values between the two groups
(VLF: z score =—1.81, P=0.07; LF: z score =2.33, P=0.02;
HF: z score =—0.40, P=0.69) (Table 2). The LF and VLF
values tended to be lower in the patient group compared to
the control group, which did not reach statistical significance.
The ApEn value, which is a nonlinear complexity indicator,
was significantly lower in the patient group compared to the
control group (z score =—7.61, P<<0.01) (Table 2).

To explore the correlations between HRV parameters and
the severity of anxiety symptoms in the patient group, the
research performed partial correlation analyses controlling
for age, since it was significantly correlated negatively with
some HRV parameters (SDNN: =—0.45, P<<0.01; RMSSD:
r=—0.28, P=0.07; VLF: r=—0.44, P<0.01; LF: r=—0.38,
P=0.01; HF: r=-0.28, P=0.07; ApEn: r=0.03, P=0.84). The
analysis showed that there were no significant correlations
between HRV parameters and the severity of anxiety symp-
toms (Table 3). There was a weak correlation between STAI-
State and RMSSD (7=0.33, P=0.04), which did not reach
statistical significance (Table 3). The results of the LOESS
regression indicated that RMSSD has a slight increasing
trend with a STAI-State score >60 (Figure 1).

Discussion

The present study investigated linear and nonlinear complex-
ity measures of HRV and evaluated the relationship between
HRYV parameters and the severity of anxiety, in medication-
free patients with GAD. It observed that both time domain

Patients with GAD Control subjects t score P-value
(n=42) (n=50) (two-tailed)
Age 33.8(7.7) 32.7 (9.2) 0.63 0.53
Gender (male/female) 23/19 33/17 r=1.2l 0.29
Smokers/nonsmokers 15/27 15/35 212 =0.34 0.66
Duration of illness (year) 2.5(1.3) NA NA NA
STAI-State score 56.1 (7.6) NA NA NA
STAI-Trait score 56.3 (9.1) NA NA NA
BAI score 31.0 (11.5) NA NA NA
Note: Values are presented as mean (standard deviation).
Abbreviations: GAD, generalized anxiety disorder; NA, not applicable; STAI, State-Trait Anxiety Inventory; BAI, Beck Anxiety Inventory.
Neuropsychiatric Disease and Treatment 2016:12 submit your manuscript 3113
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Table 2 Comparison of HRV measures between the groups

HRYV parameters Patients with GAD Control subjects Z score P-value
(n=42) (n=50) (two-tailed)
SDNN 34.1 (14.6) 46.7 (15.4) -3.77 <0.01*
RMSSD 23.1 (12.4) 31.3(15.0) -2.91 <0.01*
VLF 480.9 (422.8) 605.0 (419.9) -1.81 0.07
LF 278.4 (257.0) 3959 (3194) -2.33 0.02
HF 238.3 (367.0) 168.1 (151.5) -0.40 0.69
ApEn 1.1(0.2) 1.5(0.2) -7.61 <0.01*

Notes: Values are presented as mean (standard deviation) and were analyzed using Mann—Whitney U-test. *P<<0.01.
Abbreviations: HRV, heart rate variability; GAD, generalized anxiety disorder; SDNN, the standard deviation of all RR intervals; RMSSD, the square root of the mean
squared differences of successive normal sinus intervals; VLF, very low frequency; LF, low frequency; HF, high frequency; ApEn, approximate entropy.

and nonlinear complexity parameters were significantly lower
in patients with GAD than in healthy control subjects. The
time domain measures, such as SDNN and RMSSD, have
been reported to reflect the parasympathetic modulation.?3*
In addition, the value of the nonlinear complexity measure,
ApEn, has been reported to have a direct relationship with
parasympathetic activity.*® Therefore, the results suggest that
autonomic neurocardiac dysfunction in patients with GAD is
best characterized as decreased parasympathetic regulation.

They are in line with previous reports that HRV param-
eters, reflecting parasympathetic modulation, were sig-
nificantly reduced in patients with GAD relative to control
subjects.’>"” In addition, they are consistent with the notion
that chronic worry is associated with decreased vagal activity
and autonomic inflexibility.*

Notably, the nonlinear complexity measure, ApEn, was
significantly lower in the patients with GAD compared to
the control group. The nonlinear parameters of HRV have
not been applied until now to patients with GAD, and this
study believes that it exists as the first report to demonstrate
the reduction of a nonlinear complexity measure in those
patients. Central autonomic regulation induces nonlinear
phenomena in sinus rhythm generation. The HRV analysis
based on the nonlinear theory has been found to better

characterize the multiple regulatory systems influencing the
modulation of the heart rate time series in complex biologi-
cal systems.”” The decrease in the entropy value indicates
a decrease in the number of the variables and their levels
of interactions involved in autonomic neurocardiac regula-
tion.>* Therefore, decreased entropy measures in patients
with GAD suggest that the degree of distribution of sto-
chastic processes gets lower?® and that the neuroautonomic
control system governing heart rate loses complexity in
these patients. These changes may be significantly associ-
ated with the diminished adaptability of the bio-system.*
The results of this study suggest the usefulness of nonlinear
complexity measures in evaluating autonomic neurocardiac
function in GAD.

It is interesting to note that LF and VLF tend to be lower
in the patient group compared to the control group. The LF
power is considered to reflect both parasympathetic and sym-
pathetic modulation,* In addition, factors including multiple
neural reflexes and adrenergic receptor sensitivity have also
been suggested to be involved in LF power.?” Recent studies
showed that the LF component is predominantly deter-
mined by the parasympathetic system.*® The origin of VLF
power is not entirely clear, although it has been associated
with thermoregulation and the renin—angiotensin system.*

Table 3 Correlation coefficients between the HRV parameters and the severity of anxiety symptoms in the generalized anxiety

disorder group

HRYV parameters STAI-State score STAI-Trait score BAIl score
SDNN 0.23 (0.16) 0.10 (0.57) 0.13 (0.42)
RMSSD 0.33 (0.04) 0.23 (0.17) 0.25 (0.13)
VLF 0.15(0.38) -0.04 (0.83) -0.01 (0.97)
LF -0.02 (0.92) -0.09 (0.59) 0.15 (0.36)
HF 0.22 (0.19) 0.10 (0.55) 0.1'1 (0.51)
ApEn 0.02 (0.92) —0.04 (0.82) 0.04 (0.83)

Note: The P-values are presented in parentheses.

Abbreviations: HRV, heart rate variability; STAI, State-Trait Anxiety Inventory; BAI, Beck Anxiety Inventory; SDNN, the standard deviation of all RR intervals; RMSSD,
the square root of the mean squared differences of successive normal sinus intervals; VLF, very low frequency; LF, low frequency; HF, high frequency; ApEn, approximate

entropy.
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Figure | Scatter plots of STAI-State score and RMSSD value in the patient group.
The line in the figure represents a LOESS curve fitted to the values.
Abbreviations: STAI, State-Trait Anxiety Inventory; RMSSD, the square root of
the mean squared differences of successive normal sinus intervals; LOESS, locally
weighted scatterplot smoothing.

Recent studies have suggested the significant influence of
parasympathetic outflow,*** implying the critical importance
of parasympathetic mechanisms in the derivation of the VLF
value. Therefore, the results for the LF and VLF values are
another indication that GAD is associated with decreased
parasympathetic regulation.

It should be noted that RSA is one of the most studied
and frequently used HRV measures. The RSA is considered
to be an index of cardiac vagal tone.*! However, it has the
limitation of being potentially confounded by individual
differences in respiratory behavior.*>* In this study, SDNN,
RMSSD, and frequency domain measures were used, which
have been found to be significantly related to RSA.* There-
fore, this study is clearly in line with previous studies using
RSA, in terms of the HRV index for parasympathetic (vagal)
tone, and the results of this study clearly suggest diminished
vagal tone in patients with GAD.

Recent studies have shown that GAD is associated with
the dysfunction of a wide cortical and subcortical network
involving prefrontal cortex, anterior cingulate cortex,
amygdala, and the bed nucleus of the stria terminalis.*’43
Considering that this neural circuit is a crucial part of the
central autonomic network,* it is plausible that HRV param-
eters might reflect the functional activity of this neural circuit,
which could manifest phenotypically as chronic anxiety
and worry. Moreover, the HRV has been used for the iden-
tification of autonomic dysfunctions in noncardiac patients
on the assumption that, if such a dysfunction is identified,
it is an indication of a more widespread neuroautonomic
dysregulation.* In this context, the results of this study may

imply the usefulness of HRV indices as objective quantita-
tive measures of GAD.

On the other hand, reduced HRV, especially diminished
parasympathetic activity, has been found in schizophrenia,*
bipolar mania,’! and depression®? and is presumably associ-
ated with inherent characteristics of the illnesses, indepen-
dent of the effects of psychotropic medications. Therefore,
reduced HRYV itself may not be a specific marker for GAD,
but the results of this study further verify significantly altered
heart rate dynamics in psychiatric disorders. Moreover,
mental stress is known to reduce cardiac parasympathetic
tone, and thus it has been associated with reduced HRV .33-¢
In particular, patients with psychiatric disorders associated
with emotional symptoms are likely to experience greater
subjective distress or perceived threat. In this context,
reduced HRV might precede the onset and clinical diagnosis
of GAD and might be a trait or vulnerability marker of the
risk of developing a psychiatric disorder, especially one of
an affective nature.

In the investigation of the biological markers for GAD,
psychiatric comorbidity can be one of the confounding fac-
tors. Previous studies'®!? have reported that GAD has a high
rate of comorbidity with other psychiatric disorders, such
as major depression, bipolar disorder, and other anxiety
disorders. A recent study showed that patients with GAD
and comorbid depression had the greatest reductions in HRV
among the three groups of GAD without comorbidity, GAD
with comorbid major depression, and healthy controls, sug-
gesting a possible cumulative effect.!® In this study, patients
were excluded if they met diagnostic criteria for a psychiatric
diagnosis other than GAD. However, since this study did not
evaluate the severity of depressive symptoms or the lifetime
comorbidity of depression, future studies should include
comorbid patients in order to address the cumulative effect or
to elucidate whether GAD patients with comorbid depression
have distinctive neurocardiac characteristics in comparison
to non-comorbid patients.

In correlation analysis, there were no significant correla-
tions between HRV parameters and the severity of anxiety
symptoms, which indicates that there was no significant
relationship between them in there subjects. This study fur-
ther performed correlation analysis using LOESS, and the
results of the LOESS regression indicated that RMSSD has
an increasing trend with a STAI-State score >60, suggesting
possible compensatory regulation of the parasympathetic
nervous system in response to the increased severity of
anxiety. Further studies with a larger sample are required
to investigate the relationship between various linear and
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nonlinear HRV measures and clinical severity in patients
with GAD.

It should be noted that the patients were medication-free
at the time of enrollment. A previous study reported that
anxiety disorders are associated with significantly lower
HRYV but that the association is mainly driven by the effects
of antidepressants, such as tricyclic antidepressants and selec-
tive serotonin reuptake inhibitors,**” which decrease vagal
activity and alter vagal outflow.'”"7® Previous studies have
also shown that benzodiazepines can influence autonomic
neurocardiac regulation, reducing central vagal tone, pos-
sibly through their interaction with the gamma-aminobutyric
acid-A receptor chloride ion channel complex.” However,
there have been other studies reporting that medication-
free patients with GAD show significantly reduced HRV
measures and that GAD is associated with reduced HRV
regardless of the effects of antidepressants.'®!#1* Although,
in this study, patients were all medication-free for at least
7 days at the time of HRV assessment, the after-effects of
previous pharmacotherapy might have affected the values
of the HRV parameters.

The interpretation of the results should be considered in
light of some limitations. The study did not measure body
mass index, which was reported to be one of the factors
influencing baroreflex sensitivity.®® Consumption of coffee
or tea was not allowed on the day prior to the HRV measure-
ment. However, the study did not measure the daily average
amount of coffee or tea intake, which might have affected
autonomic regulation.®! The severity of anxiety symptoms
was assessed using STAI-State, STAI-Trait, and BAI. Fur-
ther investigation implementing interviewer-rated scales
may be required. In addition, future prospective studies are
required to investigate the effects of pharmacological or non-
pharmacological treatment on neuroautonomic modulation in
patients with GAD. In this study, a 10-minute single channel
(three-lead) ECG recording was performed. The HRV indices
obtained from ambulatory 24-hour ECG recordings are more
accurate on reflection of daily activities. A short acquisition
in the hospital can confound findings due to the stress of
being examined. However, a short-term HRV measurement
(5-15 minutes), which is made under controlled conditions,
has practical advantages and reproducibility.®>% In addition,
it also provides almost immediate measurement results and
enables real-time monitoring of ANS function, exhibiting
physiological and pathological changes in the ANS.%>¢4
Moreover, previous studies on GAD also used short-term

HRV measurements.'$!°

Conclusion

In conclusion, the present study indicates that GAD is sig-
nificantly associated with reduced HRV, suggesting that
autonomic neurocardiac integrity is substantially impaired
in patients with GAD. The results of the present study also
indicate that both linear and nonlinear complexity measures
of HRV may have utility in evaluating neuroautonomic func-
tion in patients with GAD.
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