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Abstract

Growing evidence suggests that alterations in autonomic function contribute to the
pathophysiology of panic disorder (PD). This retrospective study employed 24-h heart rate
variability (HRV) analysis of Holter records to compare autonomic function in PD patients
(n =38) with healthy, age- and gender-matched controls. Both time and frequency domain
measures were calculated, and a circadian rhythm analysis was performed. The SDNN index,
5-min total power, very low frequency (VLF) and low frequency (LF) power were signifi-
cantly lower in panic patients relative to controls over the 24-h period. Hourly means were
significantly lower during some of the waking hours as well as the latter part of the sleep
cycle. In contrast, the mean RR interval, RMSSD and high frequency (HF) power were
comparable in patients and controls. Results suggest that sympathetic activity is depressed in
PD patients under usual life conditions, leading to a relative predominance of vagal tone.
Findings of low HRV in PD patients are consistent with the high rate of cardiovascular
morbidity and mortality in this population, as well as with the emerging view of panic as a
disorder involving reduced flexibility and adaptability across biological, affective and behav-
ioral dimensions. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The high prevalence and severe impact on quality of life of panic disorder (PD)
make this condition one of the most studied psychological disorders in the US
(Weissman, 1991). Patients with panic disorder experience recurrent panic attacks,
which are characterized by episodes of intense anxiety accompanied by a range of
alarming somatic symptoms including chest pain, heart pounding, tachycardia,
shortness of breath, sweating and dizziness. Collectively, these responses are
suggestive of autonomic nervous system (ANS) dysfunction.

A number of recent investigations have sought to illuminate the autonomic
underpinnings of PD using the analysis of heart rate variability (HRV), a noninva-
sive, sensitive and dynamic indicator of autonomic regulation of the heart. Low
heart rate variability is found in individuals with a wide range of pathologies and
is considered a powerful predictor of heart disease, increased risk of sudden death,
as well as all-cause mortality (Ori et al., 1992; Tsuji et al., 1994, 1996; Dekker et al.,
1997). Recently, measurements of HRV have also been increasingly applied to
investigate autonomic regulation in affective disorders, and aberrant HRV patterns
have been observed in various conditions including anxiety and major depression
(Dalack and Roose, 1990; Rechlin et al., 1994; Thayer et al., 1996).

The majority of studies of HRV in panic disorder patients have focused on
short-term resting recordings and/or autonomic responses to short-term challenges,
such as cold pressor, postural change, sodium lactate infusion and various pharma-
cological treatments. Generally, this body of research indicates reduced overall
HRYV, diminished vagal tone and relative sympathetic dominance in PD patients
under these types of conditions (Yeragani et al., 1990, 1991, 1993, 1994; Friedman
et al., 1993; Klein et al., 1995; Friedman and Thayer, 1998a,b; Hamada et al.,
1998). However, with regard to the specific findings of these investigations, some
inconsistencies do exist. For example, lowered high frequency (HF) power in panic
patients as compared to control subjects in supine or standing postures was
demonstrated in some cases (Klein et al., 1995; Seier et al., 1997) but not in others
(Yeragani et al., 1993; Middleton et al., 1994; Rechlin et al., 1994). One short-term
study showed panic patients to have increased very low frequency (VLF) power
relative to controls in the supine posture (Rechlin et al., 1994); another demon-
strated no difference in power in this frequency range in the supine condition but
found decreased VLF power in patients as compared to controls while standing
(Yeragani et al., 1993). One investigation demonstrated decreased short-term low
frequency (LF) power in patients (Middleton et al., 1994) while others found no
significant difference in power in the LF range between patients and controls
(Yeragani et al., 1993; Rechlin et al., 1994). Further, one group reported a decrease
in both HF and LF power in PD patients as compared to controls in response to
lactate infusions (Seier et al., 1997), whereas other investigators demonstrated a
significant decrease only in HF power (Yeragani et al., 1994). Still other research
has shown normal autonomic responsivity to a broad range of challenges in PD
patients (Stein and Asmundson, 1994).
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While short-term HRV recordings can provide relevant data on autonomic
function under specific controlled conditions, an informative contrast to these data
can be achieved through the analysis of 24-h ambulatory ECG (Holter) records,
which provides a window on individuals’ autonomic nervous system activity and
balance in the context of their normal day-to-day activities. Advantages of ambula-
tory monitoring include a longer recording period, monitoring of the ECG in the
subject’s usual surroundings, the availability of sleep and circadian rhythm data,
and a frequency resolution that includes the ultra low frequency (ULF) range. To
our knowledge, only one study by Yeragani and colleagues has provided a full
analysis of 24-h HRV in panic disorder patients. These authors reported decreased
total, ULF and VLF power in PD patients as compared to healthy controls.
Patients were found to have normal HF power, which reflects parasympathetic
activity (Yeragani et al., 1998).

The present study provides further data on 24-h HRV in PD patients, using a
larger sample size and employing time domain as well as frequency domain analysis
methods. We also provide a circadian rhythm analysis of the hourly variations in
HRYV measures during the waking hours and during sleep. The overall aim of this
investigation is to add to the existing body of data on autonomic nervous system
function and balance in panic disorder, in an effort to characterize possible
alterations in autonomic regulation that may underliec a vulnerability to panic
attacks.

2. Methods
2.1. Subjects

In this retrospective study, we analyzed Holter records obtained from 38 patients
with panic disorder (mean age 38 years, S.D.=7.65; age range 2454 years; 20
females and 18 males), and 38 healthy control subjects (mean age 38 years,
S.D. = 7.86; age range 2254 years). Written informed consent for the use of Holter
information was obtained from all study participants.

Patients were diagnosed with panic disorder by a psychiatrist on the basis of
DSM-IV criteria (American Psychiatric Association, 1994). All patients were symp-
tomatic at the time of assessment and had been referred by a psychiatrist to an
internal medicine physician for the purpose of ensuring that their symptoms had no
cryptic underlying medical causes (e.g. arrhythmias, gastrointestinal disorders, etc.).
These subjects were determined to be free of medical or cardiovascular illness by
examination and history, and had no electrocardiogram abnormalities. They had
not taken any medication (except for occasional non-opioid analgesics) for a
minimum of 30 days prior to Holter recording.

Healthy control subjects, gender- and age-matched to within 2 years of the panic
group, were drawn from a large 24-h HRV normals database maintained by the
Institute of HeartMath (Umetani et al., 1998). Healthy subjects were defined as
those without clinical evidence of organic disease in terms of medical history,
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physical examination and resting 12-lead electrocardiogram. Oral contraceptives,
non-opioid analgesics and nonsteroidal anti-inflammatory agents were the only
medications allowed. In addition to self-report of general psychological health
status, the majority of control group subjects were screened for depression, anxiety
and other psychological symptoms using the Brief Symptom Inventory (BSI)
(Derogatis, 1993) and the Personal and Organizational Quality Assessment (POQA)
survey (Barrios-Choplin and Atkinson, 1996).

2.2. Measures

Both time domain and frequency domain (power spectral) analyses were used in
this study to assess HRV data. Time domain analysis of Holter recordings employs
a variety of measures that provide a statistical analysis of the fluctuations in sinus
RR intervals over 24 h (Kleiger et al., 1992). Collectively, time domain measures
quantify how much variability exists in heart rate over a 24-h period. The time
domain HRV measures employed in this study were mean heart rate (HR), the
standard deviation of all normal sinus RR intervals over 24 h (SDNN), the
standard deviation of all averaged normal sinus intervals for each 5-min segment in
the 24-h recording (SDANN), the mean of the standard deviations of all normal
sinus RR intervals for all 5-min segments (SDNN index), and the root mean square
of successive differences between normal sinus RR intervals (RMS-SD).

Power spectral analysis reduces the HRV signal to its constituent frequency
components and quantifies the relative power of these components (Ori et al.,
1992). Spectral analysis of HRV using Fast Fourier transformation reveals peaks at
several major frequency ranges, which have been defined as the HF (0.15- < 0.4
Hz), LF (0.04— <0.15 Hz), VLF (0.0033— < 0.04 Hz) and ULF (0- < 0.0033 Hz)
regions of the power spectrum (HRV Task Force Report, 1996). The HF compo-
nent, which is related to respiratory sinus arrhythmia, is widely accepted as a
measure of parasympathetic or vagal activity (HRV Task Force Report, 1996).
Power in the LF band is related to baroreceptor activity and blood pressure wave
activity and resonance, and is dually modulated by the parasympathetic and
sympathetic systems (Pomeranz et al., 1985; Malliani, 1995). The ratio of LF/HF
power has been used as a marker of sympathovagal balance in some studies (Pagani
et al., 1986; Malliani et al., 1991); however, because LF power can reflect both
sympathetic and parasympathetic activity, this interpretation can at times be
misleading (Eckberg, 1997). Sympathovagal balance can also be approximated by
the representation of the LF and HF bands in normalized units, which represent
the relative value of each power component in proportion to the total power minus
the VLF and ULF components. This representation minimizes the effect of changes
in total power on the LF and HF components (Malliani, 1995).

Although the majority of the total power in the 24-h HRV power spectrum is
accounted for by the ULF and VLF components, the physiological mechanisms
involved in the generation of these rhythms are less defined and still somewhat
controversial. The VLF component has been proposed as a marker of sympathetic
activity (Saul et al., 1988; Perini et al., 1990), while power in the ULF band is
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believed to reflect long-term regulatory mechanisms related to thermoregulation,
the renin-angiotensin system and other humoral factors, as well as circadian
rhythms in the autonomic and hormonal systems (Kitney and Rompelman, 1977).
The 24-h total power (TP) is highly correlated with power in the ULF band, while
a 5-min TP (the combined power in the VLF, LF and HF bands for each 5-min
segment, averaged over the 24-h period) provides an indicator of short-term
oscillations in ANS activity.

2.3. Data collection

Holter records were obtained using three-channel Holter recorders (Del Mar
Avionics, Irvine, CA) over a 24-h time period using standard procedures. Partici-
pants were asked to keep a log of various activities in which they engaged during
the recording period, including most importantly the time at which they went to
sleep and when they woke up. Only subjects who maintained a normal activity level
(i.e. work, household activities, etc.) and sleep schedule were included in the study
group. The mean start time of the sleep cycle for all subjects was 23:22 h
(S.D. =1.26) and the mean ending time was 06:47 h (S.D.=0.93). There was no
significant difference in the duration of the sleep cycle between the two groups.

2.4. Analysis of the data

The 24-h Holter records were digitized using a model 463 AccuPlus Holter
Analyzer (Del Mar Avionics). Each beat was classified and labeled with respect to
the site of origin by means of standard Del Mar Avionics algorithms. All recordings
were manually overread and corrected by an experienced Holter technician. The
RR interval data were then transferred to a PC computer via computer network for
second stage editing, where all nonsinus intervals as well as one RR interval before
and two after each nonsinus beat were eliminated. All recordings were > 20 h in
duration and included the entire sleep cycle.

After the second stage of editing, the RR interval power spectrum was computed
over the entire recording interval by a method described previously (Bigger et al.,
1995). First, a regularly-spaced time series was derived from the RR intervals by
sampling the irregularly-spaced series defined by the succession of normal RR
intervals. For each Holter ECG recording, 2'® points were sampled; for recordings
precisely 24 h in duration, the sampling interval was 329 ms. Gaps in the time series
resulting from noise or ectopic beats were filled in with linear splines. The power
spectral density (PSD) was computed for the ~ 24-h recordings. Total power ( < 0.4
Hz) and ULF power (<0.0033 Hz) were computed by integration over their
frequency interval.

The 5-min frequency domain measures were calculated by raveling the resampled
time series into 50% overlapping 5-min segments. A linear detrend was applied to
the data segments by first fitting a straight line to each segment (standard
least-squares method) and then subtracting it from the data segment. Next, a
Hanning window was applied and the PSD was computed and corrected for the
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attenuating effects of the Hanning window. The 5-min frequency domain measures
of RR variability were computed by integration over their frequency intervals. We
calculated the power within three frequency bands of the RR interval power
spectrum: (1) VLF power (0.0033— < 0.04 Hz); (2) LF power (0.04— < 0.15 Hz);
and (3) HF power (0.15- < 0.4 Hz). In addition, we calculated 5-min total power
(power in the band < 0.4 Hz) and the ratio of LF to HF power (LF/HF ratio).
Time domain measures of RR variability were computed as described in Section 2.2
above.

Daytime circadian rhythm values were calculated by taking the mean of the
individual 5-min values for each hour of the day (09:00-20:00 h). For this study,
the sleep cycle began 30 min after the subject’s diary noted going to sleep and ended
30 min before waking. Since the duration, start and end times of the subjects’ sleep
cycles varied, the sleep cycles were normalized across six equal-length epochs. The
5-min HRV values for each subject were distributed into the six epochs and the
average values for each epoch were calculated.

The 1-h interval from 10:00-10:59 h was removed from analysis, since this was
the time when most of the panic subjects were connected to the Holter recorder, as
well as when most were disconnected; thus, much of the data during this hour was
not obtained. The hook-up times for the control subjects varied greatly and did not
present a problem for analysis; however, their 10:00—-10:59 h values were removed
from analysis since no comparison to the panic subjects could be made.

2.5. Statistical analysis

To achieve greater statistical power and calculate meaningful averages, time and
frequency domain variables with a skewness coefficient > 1.0 were logarithmically
transformed as described elsewhere (Bigger et al., 1995). The 24-h, daytime,
nighttime, and night—day difference variables for the two groups, panic and
control, were compared using single factor ANOVA. Differences were considered
significant at P < 0.05. Repeated measures ANOVA was used to analyze the hourly
average values for the two groups. We used panic versus controls as the grouping
factor and time as the repeated measures factor. Sidak’s post hoc multiple compari-
son test was used for multiple comparisons on the time factor. When there was a
significant group versus time interaction effect, we separately compared each hourly
average value between the two groups using single factor ANOVA. Correction for
multiple comparisons was performed using the Student—Newman-Keuls (SNK)
test.

3. Results
3.1. Twenty-four hour HRV measures
Table 1 and Fig. 1 compare mean values for all time and frequency domain HRV

measures over the total 24-h recording period for PD patients and healthy age- and
gender-matched controls.
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3.1.1. Time domain measures

There was no significant difference in the mean RR interval (heart rate) or in the
RMS-SD between patients and controls. The SDNN tended to be lower in panic
patients, but this difference did not reach significance (P = 0.08). The SDNN index
was significantly lower over the 24 h in the PD patients (P < 0.05).

3.1.2. Frequency domain measures

In PD patients, 5-min total power, VLF and LF power were significantly lower
than in healthy controls (P < 0.01). The LF/HF ratio and normalized LF power
were also significantly lower in PD patients, whereas normalized HF power was
significantly higher in the patients (P < 0.001). Total power (P =0.06) and ULF
power (P = 0.08) tended to be lower in the panic patients, although differences did
not reach significance. There was no significant difference in HF power between the

two groups.

Table 1

Time and frequency domain measures of 24-h HRV in panic patients and healthy controls®

Total record (~24 h) P<
Panic patients (n = 38) Controls (n = 38)
Mean + S.D. Mean + S.D.
Mean heart rate (BPM) 78.70 +10.19 79.84 + 8.25 -
Mean RR interval (ms) 795.49 +99.14 785.12 + 82.31 ns
SDNN (ms) 126.38 + 32.01 139.91 +35.42 ns
SDANN (ms) 110.98 + 30.53 123.82 +34.91 ns
SDNN index (ms) 56.17 +15.33 63.75 4+ 14.91 0.05
RMS-SD (ms) 34.32 +15.76 32.13+11.82
Ln (RMS-SD) 343 +0.47 3.41+0.36 ns
Total power (ms?) 16 663.96 + 8064.65 21080.87 +11173.83
Ln (total power) 9.60 + 0.53 9.834+0.51 ns
ULF (ms?) 13 754.15 + 7230.44 17 284.83 +9773.87
Ln (ULF) 9.39 4+ 0.55 9.61 +0.54 ns
5-min total power (ms?) 3016.01 +1516.59 3960.45 + 1793.87
Ln (5-min total power) 7.87 +0.58 8.19+0.45 0.01
5-min VLF (ms?) 1829.91 + 896.27 2443.20 4+ 1091.84
Ln (5-min VLF) 7.38 +0.54 7.70 4+ 0.45 0.01
5-min LF (ms?) 817.92 + 542.88 1204.97 + 573.14
Ln (5-min LF) 6.49 4+ 0.70 6.98 +0.52 0.01
5-min HF (ms?) 368.18 + 325.90 312.28 +253.51
Ln (5-min HF) 548 +1.02 5.44 4+ 0.81 ns
LF/HF ratio 342 +2.26 5.46 +3.48
Ln (LF/HF ratio) 1.02 4 0.68 1.5340.58 0.001
Normalized LF (nu) 71.88 +11.28 80.18 +7.11 0.001
Normalized HF (nu) 28.12 +11.28 19.82 +7.11 0.001
Sleep cycle duration (h) 7.40 +1.27 7.42 +0.94 ns

# P values from single factor ANOVA F statistic.
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Fig. 1. Frequency domain 24-h HRV measures in patients with panic disorder (n = 38) as compared to
age- and gender-matched healthy controls (n = 38). **P < 0.01, ***P < 0.001.

3.2. Awake and sleep differences

Table 2 displays mean values for all HRV measures during the daytime hours
(09:00—20:00 h), during sleep, and the night-day differences. As shown in the table,
panic patients had a significantly greater night-day difference in the SDNN index,
RMS-SD, 5-min total power and VLF power than did control subjects (P < 0.05).
Due to this larger increase in HRV in the panic patients during the sleep period, the
SDNN index, 5-min total power and VLF power were significantly lower relative to
healthy controls only during the waking hours (P < 0.001), whereas sleep values for
these measures were not significantly different. Conversely, the SDNN was signifi-
cantly lower in PD patients during the sleep period (P < 0.05) but not during the
waking hours, while LF power was significantly lower during both the waking
(P <0.0001) and sleep (P <0.05) periods. Absolute HF power did not differ
between the two groups during either the waking or sleep periods.

In terms of normalized power and the LF/HF ratio, both of which are considered
indices of ANS balance, the normalized LF power and the LF/HF ratio were
significantly lower in panic patients as compared to control subjects during both the
waking hours (normalized LF, P < 0.001; LF/HF ratio, P < 0.01) and during sleep
(P <0.01). Normalized HF power was significantly higher in patients during both
the waking (P < 0.001) and sleep (P < 0.01) periods.



Table 2
Comparison of awake and sleep data®

Daytime (09:00-20:00 h) P< Nighttime (actual reported sleep time) P<  Night-day difference P<
Panic patients Controls (n = 38) Panic patients Controls (n = 38) Panic patients Controls (n = 38)
(n=138) (n=138) (n=138)
Mean + S.D. Mean + S.D. Mean + S.D. Mean + S.D. Mean + S.D. Mean + S.D.
Mean heart rate 83.87 + 11.39 84.10 + 8.80 - 67.64 +10.12 66.96 + 8.29 - —16.23 +7.85 —17.15+7.40 -
(BPM)
Mean RR interval  741.99 +100.71 736.57 +78.09 ns 913.49 +122.29 922.04 + 11549 ns 171.51 £ 83.65 185.47 +89.94 ns
(ms)
SDNN (ms) 97.73 + 28.87 104.70 £ 24.10  ns 87.84 +23.31 101.32 £29.50  0.05 —9.90 £+ 25.05 —3.38+25.73 ns
SDNN index (ms) 50.94 + 14.17 62.40 +12.77  0.001 61.93 +19.92 65.42+22.78 ns 10.99 + 14.24 3.02+17.99 0.05
RMS-SD (ms) 27.49 +12.82 28.23 £8.59 45.30 +23.62 40.06 4 20.58 17.81 +£15.89 11.83 +16.75
Ln (RMS-SD) 3.21 +0.46 3.29 +£0.31 ns 3.67 +0.56 3.58 +0.47 ns 0.46 +0.35 0.28 +£0.34 0.05
5-min total power 2394.65 + 1277.78 3568.38 + 1463.15 3760.75 + 2228.10  4596.92 + 2834.62 1366.10 + 1737.57 1028.54 + 2241.08
(ms?)
Ln (5-min total 7.64 +0.55 8.10 £ 0.42 0.001 8.04 +0.68 8.25+0.62 ns 0.40 +0.42 0.15+0.47 0.05
power)
5-min VLF (ms)  1467.42 +864.23  2170.80 + 881.26 2175.64 +1139.16 2810.13 +1723.22 708.22 +946.09 639.33 +1383.43
Ln (5-min VLF) 7.14 +0.55 7.60 +0.43 0.001 7.53 £0.61 7.76 + 0.63 ns 0.39 +0.44 0.16 +£0.48 0.05
5-min LF (ms) 692.64 +415.00 1169.27 +570.43 973.02 +826.99  1308.52 + 825.37 280.38 + 627.18 139.24 +706.14
Ln (5-min LF) 6.36 +0.64 6.95+0.51 0.0001 6.57 +£0.87 6.97 +0.68 0.05 0.21 £0.06 0.03 +£0.54 ns
5-min HF (ms?) 234.59 +208.77 228.30 + 154.24 612.09 + 639.46 478.27 + 525.65 377.50 + 513.91 249.97 +472.11
Ln (5-min HF) 5.03 +1.00 5.19+0.74 ns 585+ 1.20 5.72+0.96 ns 0.81 £0.76 0.53 +£0.69 ns
LF/HF ratio 5.49 £2.80 8.24 +4.58 3.30 £2.72 5.22+£3.82 —2.20+2.59 —3.02+3.75 ns
Ln (LF/HF ratio) 1.56 +£0.56 1.98 +£0.52 0.01 0.89 +0.80 1.43 +£0.67 0.01 - -
Normalized LF 76.75 + 10.58 83.83 +6.79 0.001 62.52 +15.95 7242 +11.86 001 —14.23412.43 —11.40 +10.22 ns
(nu)
Normalized HF 23.25+10.58 16.17 +6.79 0.001 37.48 +15.95 27.58 +11.86  0.01 14.23 +12.43 11.40 +10.22 ns
(nu)

2 P values from single factor ANOVA F statistic.

0SI—I€I (1002) 95 430j0yadsq (p130j01g / “|p 12 AIWIDOW "y

6¢l



140 R. McCraty et al. / Biological Psychology 56 (2001) 131150

3.3. Circadian rhythm analysis

Fig. 2 compares hourly averages for the RR interval and frequency domain HRV
measures in the panic and control groups. Values are shown for each waking hour
from 09:00 to 20:00 h. Data points for the 10:00—10:59 h interval are not plotted,
for reasons described in Section 2.4. Since all participants did not go to sleep or wake
up at the same times, the sleep hours have been normalized in order to correspond
to the actual recorded sleep times for each subject.

As seen in the figure, with regard to all frequency domain measures except HF
power, panic patients tended to have lower HRV than the control group. Both panic
patients and control subjects exhibited significant day-night differences in the HRV
measures, with RR interval and overall variability increasing during sleep, as
expected. The overall pattern of change in the different HRV measures was relatively
similar between the two groups, although the control group tended to have a greater
increase in HRV from the beginning to the end of the sleep cycle.

The control group also tended to exhibit a characteristic ‘dip’ in most HRV
measures during the 13:00—14:00 h interval, which is explained by the fact that most
of these subjects were employed by an organization where the regular lunch hour
occurred during this time period. As the time at which the panic patients ate lunch
varied more widely, as noted by diary entries, this same post-mealtime drop in HRV
was not evident in the group means.

3.3.1. Group effects

The results of repeated measures ANOVA are displayed in Table 3. The hourly
average HRV measurement values for the group factor (panic vs control) were
significant for the following measures: 5-min total power (P <0.01), VLF power
(P <0.01), LF power (P < 0.001), LF/HF ratio (P < 0.001) and both the HF and LF
normalized power measures (P < 0.001). As one would expect, these results correlate
to the 24-h measures for the same variables.

Table 3
Analysis of hourly HRV values (repeated measures ANOVA)

Group effect (panic vs  Time effect (hourly Group versus time effect
controls values) (interaction)
F P< F P< F P<
Mean RR interval 0.02 ns 104.50 0.001 3.38 0.001
(ms)
Ln (5-min total 8.18 0.01 17.42 0.001 545 0.001
power)
Ln (5-min VLF) 9.53 0.01 15.88 0.001 4.34 0.001
Ln (5-min LF) 11.94 0.001 9.47 0.001  3.49 0.001
Ln (5-min HF) 0.03 ns 28.53 0.001  4.68 0.001
Ln (LF/HF ratio) 14.13 0.001 29.73 0.001 1.27 ns
Normalized LF (nu) 13.14 0.001 37.38 0.001 1.46 ns

Normalized HF (nu) 13.14 0.001 37.38 0.001 1.46 ns
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3.3.2. Time effects

The time factor was significantly different for all eight measures: RR interval,
5-min total power, VLF, LF, HF, LF/HF ratio, normalized LF and normalized HF
(P <0.001) (Table 3). Sidak’s post-hoc analysis of the time factor showed that all
nighttime (sleep) RR interval epochs were significantly longer (lower HR) than all
daytime hours (P < 0.05). The RR intervals for the first sleep epoch (S1) were
significantly shorter than for epochs S4, 5 and 6 (P < 0.05). S2 was shorter than S5
and S6 (P < 0.05). This illustrates a significant lengthening of the RR interval (heart
rate slowing) as the night progressed.

The 5-min total power (SmTP) during the daytime was highest at 11:00 h, and
was significantly higher (P < 0.05) than the 13:00 through 17:00 (13:00—17:00 h)
interval and 19:00 h. At 14:00 h, SmTP was lower (P < 0.05) than the morning
hours (09:00—12:00 h). During sleep SmTP climbed steadily. By the third sleep
epoch (S3), the value was higher than the 13:00-15:00 h values (P < 0.05). The
fourth sleep epoch was higher than the 13:00—19:00 h values (P < 0.05), and S5 was
higher than the 12:00-19:00 h values (P < 0.05). The last sleep epoch (S6) was
higher than all daytime hourly values (P < 0.05). This upward-sloping trend was
also significant within the sleep cycle itself; by S4, SmTP was already higher than
during S1 and S2 (P < 0.05). S5 was higher (P <0.05) than S1-S3, and S6 was
higher than S1-S4 (P < 0.05).

The 5-min VLF power (SmVLF) exhibited a circadian pattern very similar to that
of SmTP. During the daytime hours, SmVLF was highest at 11:00 h, significantly
higher than the 13:00—15:00, 19:00 h and Sl values (P < 0.05). During sleep,
SmVLF power climbed steadily; by S4 the level was higher than the 13:00-19:00 h
values (P < 0.05). S5 was greater than the 12:00-19:00 h values (P < 0.05), and by
S6 the value was higher than all daytime hourly values (P < 0.05). As with SmTP,
this upward-sloping trend was significant within the sleep cycle itself; by S4,
SmVLF was higher than S1 and S2 (P < 0.05). S5 was higher than S1-S3 (P < 0.05)
and S6 was higher than S1-S4 (P < 0.05).

The 5-min LF power (SmLF) was highest during the 11:00 h, which was
significantly higher than the 13:00—18:00 h and the S1-S2 values (P < 0.05). The
14:00 and 15:00 h values were lower than all the morning values (09:00—12:00 h)
(P <0.05). S4 was higher than the 14:00 and 15:00 h values (P < 0.05). S5 values
were higher than the 13:00—18:00 h values. During S6, SmLF was higher than the
13:00-19:00 h values (P < 0.05). Within the sleep cycle there was an upward-slop-
ing trend. S1 was lower than S3-S6 and S2 was lower than S5 and S6 (P < 0.05).

For 5-min HF power (SmHF), the only significant finding during the daytime
was that the 14:00 h value was lower then the 11:00 h value (P < 0.05). During the
night, SmHF during the first and second sleep epochs was higher than the
13:00-19:00 h epochs (P < 0.05) and S3 was higher than the 09:00-19:00 h values
(P <0.05), except for the 11:00 h epoch, which was the highest daytime value.
Within the sleep cycle the upward trend reached significance by the last two sleep
epochs; S5 and S6 were both higher than S1 and S2 (P < 0.095).

The LF/HF ratio, normalized LF and normalized HF power all exhibited the
same pattern. All daytime hourly values were significantly different than all
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nighttime values. The LF/HF ratio and normalized LF nighttime values were all
lower than the daytime values (P < 0.05). Normalized HF nighttime values were
higher than all daytime values (P < 0.05).

3.3.3. Group versus time effects

The group versus time factor was significant for the following: RR interval,
S5-min total power, VLF, LF, and HF power (P <0.05) (Table 3). A significant
group versus time interaction denotes that the two groups did not parallel each
other over time. Results of the separate hourly ANOVAs are indicated in Fig. 2 by
a solid triangle placed on the time axis for each hour during which the two groups
differed significantly (P < 0.05).

For RR interval and HF power, none of the individual hourly values differed
significantly between the two groups. For SmTP, the 09:00—12:00 and 17:00—18:00
h values were lower in the panic group (P < 0.05). The last sleep epoch (S6) was
also lower in the panic group (P <0.05). The 5-min VLF exhibited a similar
pattern, with the 09:00—12:00 and 17:00 h values as well as the last sleep epoch (S6)
values being lower in the panic group (P <0.05). For SmLF power, the 11:00,
12:00, and 17:00—19:00 h values were lower in the panic group (P < 0.05). Addi-
tionally, the SmLF values were significantly lower in the panic group during the
latter part of the sleep cycle (S5 and S6) (P < 0.05).

4. Discussion

Overall, the results of this study are in accordance with previous reports
indicating decreased HRV in individuals with panic disorder. PD patients had
significantly lower 5-min total power, VLF and LF power as compared to healthy
age and gender-matched controls over a 24-h period. The SDNN index, which
correlates to the frequency domain measures of 5-min total power and VLF power,
was also significantly lower in the patients, while the SDNN was significantly lower
in the patients during sleep only. In addition, panic patients had significantly
reduced normalized LF power, increased normalized HF power and a lower LF/HF
ratio over the 24 h as compared to control subjects. These significant differences in
HRYV occurred despite the fact that mean HR was comparable in patients and
controls. Collectively, these results suggest that sympathetic nervous system activity
is depressed in patients with panic disorder and that patients exhibit a relative
predominance of parasympathetic activity during normal daily life. The circadian
rhythm analysis revealed that significant differences in 5-min total power, VLF and
LF power occurred during some of the daytime hours as well as during the last
hours of sleep.

When compared to the previous analysis of Holter ECG records in PD patients
conducted by Yeragani et al. (1998), our results exhibit some important similarities
as well as several differences. In accordance with our data, Yeragani’s group also
found a normal mean RR interval, normal HF power and significantly decreased
VLF power in panic patients. Yeragani’s study reported significantly lower 24-h
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total power and ULF power in patients, with differences being more pronounced
during sleep. The 24 h total power (P =0.06) and ULF power (P =0.08) also
tended to be lower in patients in our investigation, although the differences did not
reach significance. However, the SDNN, which correlates to total and ULF power,
was significantly lower during sleep in patients in our study, which is consistent
with Yeragani’s findings. In contrast to our results, no significant differences were
observed in absolute LF power or in the LF/HF ratio in the former study.
However, there was a nonsignificant trend toward decreased LF power in PD
patients in Yeragani’s data. Also in contrast to our findings, the former study found
VLF power to be significantly lower in patients only during sleep, whereas in our
study, in terms of awake/sleep comparisons, VLF power was significantly lower in
patients during the daytime only.

Some of the factors that can influence HRV are age (Umetani et al., 1998), heart
rate, physical activity, various forms of heart disease and diabetic neuropathy
(Malik and Camm, 1995; HRV Task Force Report, 1996). Our findings cannot be
explained on the basis of age differences between the groups, or by any known
physical illness. Mean heart rate over the recording period was not significantly
different in patients versus controls, and subjects’ activity logs indicated that levels
of physical activity were also comparable between the two groups.

In a previous study on the effects of age and gender on HRV, we found that all
measures of HRV decline with aging, with measure-dependent patterns (Umetani et
al., 1998). Measures reflecting parasympathetic activity decline the fastest, stabiliz-
ing after age 60. Nevertheless, the age of our sample was well within the range that
age-related declines in HRV would be insufficient to mask any potential differences
between the groups in the RMS-SD or 24-h HF power. Furthermore, the fact that
lower frequency HRV measures decline at a slower rate than high frequency
measures suggests that our main findings of lowered VLF, LF and 5-min total
power in panic patients were not influenced by age-related patterns of HRV decline.

Several studies have suggested that in response to specific short-term laboratory-
administered autonomic nervous system challenges, individuals with panic disorder
as well as nonclinical panic experience exaggerated sympathetic activation and/or
vagal withdrawal, leading to a relative sympathetic predominance (Weissman et al.,
1987; Yeragani et al., 1990, 1994; Townsend et al., 1998). Similar results were
obtained in investigations that aimed to assess dynamic autonomic control by
aggregating data across multiple laboratory tasks designed to elicit diverse ANS
responses (Friedman et al., 1993; Friedman and Thayer, 1998a). In contrast to these
short-term findings, our data indicate that outside the laboratory and under the
conditions of usual daily life over a 24-h period, sympathetic function is depressed
while parasympathetic activity remains normal in PD patients, leading to a relative
parasympathetic predominance. We would like to emphasize that our findings are
not necessarily inconsistent with those of the cited short-term studies. It is quite
conceivable that PD patients may exhibit increased vagal withdrawal and/or
enhanced sympathetic reactivity in response to certain types of stimuli, while under
nonchallenging conditions, the sympathetic system remains depressed and vagal
tone normal.
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Alternatively, contrasting results between some short-term investigations and our
own and Yeragani’s 24-h data may be due to age differences in the patient groups
assessed. Specifically, the average age of our PD sample (38) and Yeragani’s (36)
was higher than the mean age of patient groups that demonstrated increased VLF
power (e.g. Rechlin et al.,, 1994: mean age =31) or decreased HF power (e.g.
Friedman and Thayer, 1998a: mean age = 19) in short-term studies. Thus, it may be
possible, although unlikely, that the autonomic profile of PD patients shifts with
age from lowered parasympathetic activity and predominant sympathetic control at
younger ages to predominant vagal control and lowered sympathetic activity at
older ages.

Certainly, further investigation with patients of differing ages, or following a PD
sample over time, would be required to validate or refute this possibility. However,
if bouts of sympathetic hyperrarousal are indeed implicated in the dramatic
elevations in heart rate, blood pressure and other alarming somatic symptoms
generally observed in panic attacks (Friedman and Thayer, 1998b; Wilkinson et al.,
1998), it is possible that these repeated surges of overactivity could, over time, lead
to depletion or exhaustion of the sympathetic efferent system and/or the adrenal-
medullary system, resulting in depressed HRV in the lower frequency ranges.
Recent findings in the neurocardiology literature in fact provide support for a
potential link between depleted catecholamine levels and lowered HRV in the ULF
and VLF range, indicating that the heart’s intrinsic nervous system is primarily
responsive to circulating epinephrine (Armour, 1997). As epinephrine levels follow
a circadian rhythm, and the day/night circadian rhythm is the primary contributor
in the generation of both the SDNN and ULF rhythms, low levels of circulating
epinephrine could result in a low SDNN, especially during the nighttime period.

Earlier attempts to characterize panic in terms of ANS disturbances have linked
this disorder with chronic autonomic hyperrarousal (Lader and Mathews, 1970;
Roth et al., 1986), or, alternatively, with excess autonomic lability (i.e. chronic and
extreme fluctuation from a homeostatic norm) (Eysenck, 1970; Costello, 1971). This
latter explanation persists in the current literature in both cognitive and condition-
ing models of panic (Wolpe and Rowan, 1988; Anastasiades et al., 1990). The
present study, on the other hand, supports the newly emerging view that ANS
function in PD is not accurately described by either of these models (Friedman and
Thayer, 1998b). Our data indicate that baseline autonomic activity is not chroni-
cally elevated in panic patients. Further, our results suggest that autonomic
variability is reduced rather than abnormally augmented in individuals with PD.

The finding of lowered HRV in PD patients is in accordance with contemporary
systems-oriented models of psychophysiological regulation that emphasize flexible
responsivity as the foundation of stability (Appel et al., 1989; West, 1990; Friedman
and Thayer, 1998b). In contrast to the classical homeostatic model, in which the
maintenance of internal constancy in the face of external perturbations is seen as
the hallmark of healthy function (Cannon, 1932), systems models view patterns of
organized physiological variability to confer the physiological and behavioral
adaptability necessary to respond effectively to changing environmental demands.
Thus, high variability in heart rate is considered a marker of system integrity and
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stress resiliency, whereas reduced variability can often be indicative of suboptimal
functioning or pathology (Appel et al., 1989; Lipsitz and Goldberger, 1992; Porges,
1992a; Peng et al., 1994). In line with this model, diminished HRV has been found
to characterize numerous and widely diverse pathological conditions (Ori et al.,
1992; Malik and Camm, 1995). Reduced HRV has also been linked with compro-
mised self-regulatory psychological functions, including diminished attentional ca-
pacity and emotional regulation (Porges, 1991, 1992b; Porges et al., 1994).

Within the above framework, it would be predicted that low HRV would be
found in individuals with panic disorder, a psychophysiological condition which
represents a severe limitation on the range and complexity of physiological,
behavioral and emotional responses to stress (Friedman and Thayer, 1998b).
Consistent with this view are findings indicating a relationship between HRV and
the severity of psychological status in PD patients. For example, Yeragani and
colleagues found a significant negative correlation between trait anxiety scores and
24-h ULF and total power in panic patients (Yeragani et al., 1998). Middleton and
Ashby noted a diminished spectral peak in the range of 0.1 Hz in patients and
reported a significant rise in HRV in this frequency range upon clinical recovery
from PD following either pharmacological treatment or cognitive therapy (Middle-
ton et al., 1994; Middleton and Ashby, 1995). These findings and those of the
present study add to the growing body of evidence illuminating a relationship
between HRV patterns and mental and emotional variables (Pagani et al., 1991;
Sloan et al., 1994a,b; McCraty et al., 1995; Tiller et al., 1996), and linking chronic
alternations in these patterns with psychopathology (Dalack and Roose, 1990;
Rechlin et al., 1994; Thayer et al., 1996). Collectively, results suggest that low HRV
may be a common characteristic of several psychological disorders (e.g. PD,
generalized anxiety disorder and depression), all of which can be described by a
compromised ability to modulate one’s emotional, behavioral and physiological
responses to environmental challenges.

In addition to compromised psychological functioning, panic disorder has been
linked with heightened susceptibility to cardiovascular illness and excess mortality
from cardiovascular causes (Coryell et al., 1982, 1986; Weissman et al., 1990;
Kawachi et al., 1994) Epidemiological studies have also found significant comorbid-
ity between PD and various respiratory, gastrointestinal and neurological illnesses
(Zaubler and Katon, 1996). As diminished HRV has been identified as a predictor
of increased risk of cardiovascular disecase as well as mortality from both cardiac
and non-cardiac causes (Tsuji et al., 1994, 1996; Dekker et al., 1997), it is likely that
reduced HRV in PD patients may contribute to the increased rates of morbidity
and mortality in this patient population.

In conclusion, the present study confirms and extends previous findings of
compromised autonomic function in panic disorder, as evidenced by reduced HRV.
Whereas data from some studies assessing various cardiovascular and HRV
parameters from short-term recordings have been interpreted as support for a role
of low cardiac vagal tone in PD, 24-h HRV analyses provide evidence that vagal
tone is normal under conditions of usual daily life, whereas sympathetic activity
appears to be depressed.
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Additional studies using larger sample sizes and employing more uniform analy-
sis methods are clearly required to reconcile the inconsistencies still existing in the
current literature on autonomic function in panic disorder. However, the data
collected to date suggest that this condition may be characterized by episodes of
accentuated sympathetic reactivity and/or vagal withdrawal in response to certain
challenges, coupled with low baseline sympathetic tone under nonchallenging
conditions. Findings of low HRYV in PD are consistent with contemporary models
of psychophysiological regulation in nonlinear dynamical systems, and support the
emerging portrait of PD as a disorder involving reduced flexibility and adaptability
across biological, affective and behavioral dimensions. These findings are also in
line with the higher illness and mortality rates found in individuals with PD.
Finally, results add to the growing body of data confirming the value of HRV
analysis as a sensitive tool to explore the relationships between autonomic dysfunc-
tion and psychopathology.
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