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Abstract
Background—Spontaneous or unexpected panic attacks, per definition, occur out-of-the blue, in
absence of cues or triggers. Accordingly, physiological arousal or instability should occur at the
onset of or during the attack, but not preceding it. To test this hypothesisweexaminedif points of
significant autonomic changes preceded the onset of spontaneous panic attacks.

Methods—Forty-three panic disorder patients underwent repeated 24-hour ambulatory
monitoring. Thirteen naturally panic attacks were recorded during 1,960 hours of monitoring.
Minute-by-minute epochs beginning 60 minutes before, and continuing to 10 minutes after, the
onset of individual attacks were examined for respiration, heart rate, and skin conductance level.
Measures were controlled for physical activity and vocalization, and compared to time matched
control periods within the same person.

Results—Significant patterns of instability across a numberof autonomic and respiratory
variables were detected as early as 47 minutes before panic onset. The final minutes prior to onset
were dominated by respiratory changes, with significant decreases in tidal volume followed by
abrupt PCO2 increases. Panic attack onset was characterized by heart rate and tidal volume
increases and a drop in PCO2. Symptom report was consistent with these changes. Skin
conductance levels were generally elevated in the hour before and duringthe attacks. Changes in
the matched control periods were largely absent.

Conclusions—Significant autonomic irregularities preceded the onset of attacks that were
reported as abrupt and unexpected. The findings invite reconsideration of the current diagnostic
distinction betweenuncuedand cued panic attacks.
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Panic attacks (PAs) occur in a wide range of psychiatric disorders and are predictive of
increased disease morbidity, higher rates of comorbidity and suicidality, and poorer
treatment response (1-4). PAs are defined as discrete periods of intense fear and discomfort
(5), that are paroxysmal, with a peak reached within 10 min. Unexpected PAs, as compared
to cued (situational bound or predisposed) attacks, are thought to occur “spontaneously”, in
absence of internal cues or situational triggers. (5-6). The “out of the blue” concept has deep
historical roots (Freud; 1895, “anxiety attacks erupt suddenly into consciousness without
being called further by any train of thought” p. 136, 7), but the apparent absence of
preceding cognitive processes has stimulated a search for hidden triggers, both
psychological and biological.

Two principal approaches can be used to investigate the question of hidden triggers. First,
cued or laboratory-induced PA can be studied with the assumption that similar physiological
mechanisms are involved in both cued and spontaneous PAs. Second, patients with
spontaneous PAs can be continuously monitored, with hope that spontaneous PAs will be
captured during the monitoring. A number of laboratory studies have investigated the
biological markers of artificially induced PAs (e.g., sodium lactate or CO2enriched air).
However, the expression of symptoms and physiological responding may differ from those
of natural panic attacks depending on the specific substance administered, procedure, or
setting. Further, patients may anticipate (be prepared for) adverse physical symptoms (8).
Ambulatory monitoring constitutes one of the most valid approaches to assess what may
happen physiologically prior to and during attacks. Ambulatory studies are limited in
number as attacks fail to occur even in many hours of recording. Moreover, the gathered
data is often confined to the attacks itself, but not the period preceding it, thus precluding the
examination of proximal causes. Freedman and colleagues (9) reported descriptive data of
eight PAs during 12-hr ambulatory assessments. In most patients, heart rate (HR) and skin
temperature rose just prior to the attacks, compared to a matched 5-min high-anxiety control
period. Increased HR or muscle tension were also observed during laboratory recordings in
the minutes before and during both spontaneously occurring PAs (8, 10-11) and PAs
induced by placebo sodium lactate infusions (12). Ambulatory studies by Taylor and
colleagues (13-14) reported higher HR in the majority of reported attacks compared to non-
panic periods. However, Gaffney and colleagues (15) saw HR changes in only eight of 31
attacks. Inspection of PAsin another study during 24-hr recordings of 8 patients on bed rest
found only small HR increases in a small proportion of the reported attacks (16). Likewise,
descriptive data of three panic attacks showed inconsistent patterns of change in HR and
blood pressure from nonpanic to panic (17). In all of these studies, HR was measured only
during brief periods around the reported attacks. Respiration, a physiological response
system sometimes considered primary in attacks (18-19), has rarely been recorded in
ambulatory studies. Reduced transcutaneous CO2 (PtcCO2) was found in one study (20), but
not in another (21). The latter reported decreases in PtcCO2 in only one of 24 situationally
provoked PAs and no evidence for level differences in PtcCO2 compared to an hour before
the attacks. One study described tidal volume (VT) increases at the point of panic during
ambulatory monitoring of three patients (22). PaCO2dropped and pH increased considerably
in a patient experiencing an attack while undergoing dialysis (23).

The aim of this study was to examine whether and whendetectable physiological changes
occurred in the sequence of the panic event. We assessed minute-by-minute data of 8
respiratory and autonomic indices, all continuously monitored for speech, physical activity,
and skin temperature starting 60 minutes before PA onset and continuing until10 min after.
Non-panic periods of the same duration in the same individual were used for comparison to
verify that detected changes were not due to random fluctuations.
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METHODS
PARTICIPANTS

Forty-three patients with Panic Disorder (PD) with or without agoraphobia were recruited
throughadvertisements to participate in a treatment study (24). Patients’ mean age was 41.6
years (range 23-61). The majority were Caucasians (81.8%), 9.1% were Hispanic, and 9.1%
were Asian. Patients met the following inclusion criteria: DSM-IV principal diagnosis of
PD, age 18 to 65, with following exclusion criteria: no evidence of an organic mental
disorder, suicidality, schizophrenia, alcohol or drug abuse or dependence, cardiovascular or
pulmonary disease, epilepsy, or pregnancy. The Structured Clinical Interview for DSM-IV
criteria (25) confirmed diagnoses, with high inter-rater reliability for comorbid diagnoses
( = .83) and PD ( = 1.00). 55% of the sample had at least one additional DSM-IV Axis I
diagnosis. Of these, all had an additional anxiety diagnosis and 27% had an additional mood
disorder. 55% met criteria for panic disorder with agoraphobia. On average, patients had
suffered from PD for three years (range 0.5-16). Patients’ PD severity was in a moderate to
severe range (26). Three patients were on psychotropic medications (2 on a 0.5 mg dose of
lorazepam and one on a stable dose of 20 mg of citalopram). One patient took 0.5 mg of
lorazepam 40 min after the onset of his PA.

84 ambulatory monitoring periods of 24 hours each were collected from 43 patients, both
pre- and post-treatment (n=24) or twice before treatment (wait-list controls, n=19), two
periods were lost due to drop-outs after wait period.A total of 13 PAs were reported by 11
patients (4 men, 7 women).1All patients signed informed consent forms as approved by
Stanford University Institutional Review Board.

PROCEDURES
Patients reported to the laboratory in the morning of the recording and received detailed
instructions about how to wear the ambulatory deviceand problems that might arise (i.e.,
loosening of electrodes). Patients were told to continue with their normal daily routine, but
to refrain from vigorous physical activity, sexual activity, alcohol, drug, or caffeine use
during monitoring. Deliberately seeking out feared situations was discouraged.

SELF-REPORT MEASURES
Patients were instructed to press an event marker when a PA occurred and to fill out a panic
attack log immediately afterwards. Patients rated their peak symptoms and emotions
(anxiety and worry) on a scale of 0 (none) to 10 (extreme), plus the time of onset and
duration of their PA. They also rated whether the attack was expected or unexpected. Only
PAs meeting a minimum of four out of the 13 DSM-IV panic attack symptoms (5) and
accompanied by at least moderate levels of anxiety, were analyzed. At recording outset,
patients rated the likelihood of experiencing a PA during the following 24 hours.

PHYSIOLOGICAL MEASURES
Data surrounding the PAs were extracted from the continuous recordings of a multichannel
ambulatory monitoring device (Vitaport-II, Becker Meditec, Germany) with an additional
input from a portable capnometer (Capnocount Mini, Weinmann, Germany). Both devices
were carried in a waist bag, which also contained the event marker button (Figure 1). A
laboratory technician attached the electrodes and calibrated the ambulatory device.

1A total of 17 (14 daytime and 3 nocturnal) were reported. Two daytime attacks were excluded from analysis because self-reported
PA symptoms did not meet the required number of DSM-IV PA symptoms. Two nocturnal PAs were excluded due to missing control
variables (i.e., motion, speech).
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Respiratory variables—Respiration was monitored with inductive plethysmography
using 2 elasticbands in which wires were embedded (Respitrace Corporation, NY) and
sampled at 25 Hz. Band expansion was calibrated for volume using a fixed volume (800
mL) plastic bag (Respibag, Ambulatory Monitoring, Inc., NY) that the subject inflated and
deflated completely several times and in different postures. Calibrated tidal volume (VT) for
each breath for the two bands was weighted and added (27). VT was calculated as the
volume difference between peaks and valleys of valid breaths. In addition, respiration rate
(RR) was extracted as the number of breaths per minute. Minute ventilation (V’E)was
calculated as the product of VT and RR. The root mean square of successive differences of
RR and VT were computed to obtain indices of breath-by-breath RR instability
(RRRMSSD) and VTvariability(VTRMSSD), respectively. End-tidal PCO2was measured
continuously at 25 Hz using a portable capnometer with a 1.2-mm diameter disposable
plastic tube ending in dual nostril prongs. PCO2was determined from the raw signal as the
level at which PCO2stopped rising at the end of expiration.

Autonomic variables—The electrocardiogram was sampled at 400 Hz from three
electrodes in a Lead-II configuration. Heart rate (HR) was calculated by automatic detection
of R-waves and calculation of successive heart periods in addition to visual inspection of the
electrocardiogram to insure detection of artifacts.Skin conductance level(SCL)was measured
from two electrodes filled with isotonic electrode gel attached to the volar surfaces of the
medial index and middle fingers of the patients’ non-dominant hand.

Control variables—Body movement and vocalizationwere recorded to control for physical
activity and the activating effects of talking (28). Accelerometers were taped to the upper
left leg, lower arm, and thorax. A voice and light sensor was attached below the larynx.
Patients’ skin temperature served as control variable for skin conductance. The sensor was
placed on digit 5 of the non-dominant hand. These channels were sampled at 25 Hz. Data
were edited off-line and averaged for 1-min periods using an integrated set of analysis
programs (for more details see 29).

Data selection for panic attacks and matched control periods—Data beginning
60 min prior to a reported PA and ending 10 min after its onset were extracted from the 24-
hr data set2.The time of the attack was determined by a marker in the physiological data
stream and was verified by the times the patient entered in the PA log. PA periods were
matched with non-PA 70-min control periods (NPA), selected at random from the remainder
of the patient’s 24-hr recording, but at least 3hr before or after the PA and at the same time
of day or night as the PA.

STATISTICAL ANALYSIS
Change point analysis (30-31) was used to detect points at which the 70 min PA and NPA
time series displays a significant change. If a change point (CP) was detected, the search
continued, starting at the next time point, to determine the presence of subsequent CPs.
Permutation analysis determined the significance level of the CPs. The minimum duration of
time for each CP was set at 5min. We judged this interval to be long enough to rule out
random, transient changes, but short enough to capture changes that might be important to
the PA. Change Point analysis for continuous physiologic data is described in detail
elsewhere (31).

We sequentially analyzed the entire 70 min time series (including the 60-min pre-panic
period), expecting to identify CPs near the reported panic onsets. Because of the exploratory

2The 10 min criterion was used because after that time point, more than half of the patients reported that the PA had subsided.
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nature of the CP analysis, we adopted a conservative Bonferroni correction to establish
significance (p ≤ .0001).3 To remove the effects of the control variables, mixed-effects
regression models (MRMs) were applied, using the residuals from the MRM as the data with
the effects of the controls removed (see (31) for details). Finally, to verify that the CPs
found in the PA analyses were significantly different from random variations in the NPA
time series, MRM was used to compare the PA time series to the NPA time series at CPs
close to the reported PAs. Movement and speech (and skin temperature for SCL) were
included as control variables in these MRMs. A significantly larger pre-post CP difference
in the PA vs. NPA time series would further indicate that the change in the PA time series
was not due to the random fluctuations. Traditional analytical approaches to this data are
available upon request.

Finally, we examined whether the significant physiological changes that occurred at PA
onset were related to symptoms reported during the PAs. For each PA, we calculated the
mean for each physiological variable during the PA and subtracted the corresponding mean
during the NPA control period. This provided us with a measure of the difference between
each variable’s normal level and the level experienced during the PA, which was then
correlated with symptom self-reports.

RESULTS
PANIC ATTACK SELF REPORTS

The median length of the 13 PAs was 8 min (range=1-30, M=10.6). 38.4% of the PAs
occurred when the patient was alone, 23.1% in the presence of friends, and 38.5% with
family. One PA occurred during sleep. 69.2% of PAs were reported as “unexpected”.
Among the expected attacks, 2 occurred at home (no trigger listed), 1 “on the freeway”, and
1 “during an argument with friend”. With the exception of “driving”, none of the situations
were previously listed by the patients as PA triggers. Anxiety during the attacks was
moderate to high(M=8.0, SD=1.22; range 5-10). Severity ratings on the 13 DSM-IV
symptoms (Table 1) were highest for shortness of breath and heart racing (both M=6.2,
SD=2.9) and lowest for fear of dying (M=1.0, SD=2.3). Patients who had predicted that they
would have a PA during the recording period were no more likely to experience an attack
than patients who had predicted no attack (χ2(1,41)=0.46, p=.70).

PHYSIOLOGICAL CHANGES IN THE HOUR BEFORE PA ONSET
The hour preceding the onset of the PAs was marked by significant cardio-respiratory
changes. Figure 2 illustrates the countdown to the onset of the PAs starting at the hour prior
to onset (min −60) to the last min before PA onset. The changes cluster in three time
periods: (i) min 47-42 before PA onset (blue box in Fig. 2): an initial increase in HR at min
−47 (all change pointsps ≤.0001)was followed by a significant decrease in RR and
RRRMSSD (min −45). This drop was followed by a decrease in V’E (min −44). HR
decreased 2 min later (min −42). (ii) min 30-27 (yellow box in Fig 2): a significant increase
in HR occurred simultaneously with significant increases in RR and RRRMSSD (at min
−30), followed by a drop in PCO2 three min later (min −27). (iii) Starting 19 min before PA
onset (green box in Fig 2), a significant decrease in VToccurred, followed by a sharp
increase in PCO2 at min −16. Then PCO2 decreased about 9 min before PA onset.

The only physiological variables with no detected CPs were, VTRMSSDand SCL (Figure
3). However, higher levels of SCL were found in the PA than in the NPA series

3Because we imposed a minimum time length of 5 min for a CP, only 60 of 70 time points were tested for a CP. Thus, for 8
physiological measures, the p level for significance was set at .05/(60*8)=.0001.
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(t(1469)=5.87, p<.001), throughout the time series. No CPs were detected in the control
channels. Only one CP was detected for the eight NPA time series: PCO2 decreased at min 5
of the recording of the NPA time series. PCO2 levels for both PA and NPA time series were
in a hypocapnic range.

Changes in the PA time series were more frequent than in the NPA time series. The total
numberof CPs across all physiological variables was 15 in the PA time series vs.1 in the
NPA series (t(7)=3.56, p<.01). This relative lack of change in the NPA time series, coupled
with the very conservative alpha level, indicates that the changes detected were likely
directly related to the emerging PAs.

PHYSIOLOGICAL CHANGES AT PANIC ATTACK ONSET
As illustrated in Figure 2 (enclosed by the red box), the minute prior to PA onset was
marked by a significant increase in HR followed by a significant increase in VT at min 1
following the PA onset,and a significant drop in PCO2at min 2. No further CPs were
detected. No significant changes were detected at the same times in the NPA series.

HR changes from pre to during-PA were significantly greater than those in the NPA series
(t(954)=5.23, p<.001). Furthermore, absolute levels of HR were significantly higher during
the PAs (min −1 through +10) than during the same time-matched NPA control period
(t(954)=2.17, p<.05). Similarly, the pre-to during-PA changes for both VT and PCO2 were
significantly greater in the PA series vs. the NPA series (ps<.05). However, the level of
these measures during the PAs did not differ significantly from the NPA series. Only for HR
did levels during the PAs (after the CPs) exceed NPA control periods.

The conventional approach of comparing the level of the physiological variables for the 5-
min (or 10-min) periods before and after PA onset (rather than using change point analysis
to detect substantial activity changes in the available time series) did not yield significant
differences. Similarly, trend analyses centered at the onset of the reported PAs revealed no
significant differences. However, a significant quadratic trend for HR (increases before PA
onset, decreases after)was found under very restrictive conditions when analyses were
centered at minute 1 of the PA.

RELATIONS BETWEEN PHYSIOLOGICAL MEASURES AND SYMPTOMS
Higher HR during PAs (compared to NPAs) was related to reports of more faintness (r=.77,
p<.01) and to greater fear of losing control (r=.66, p<.05). Similarly, higher PCO2 was
related to higher levels of anxiety (r=.70, p<.05), chest pain (r=.76, p<.05), and fear of dying
(r=-.76, p<.05). Finally, higher VT was related to more faintness (r=.62, p< .05).

DISCUSSION
Using a novel analysis to detect points of significant change in continuous physiological
time series, we found that the hour preceding the onset of naturally occurring panic attacks
was marked by significant cardio-respiratory instability. These changes were largely absent
in the control periods. The physiological instabilities occurred in repeated “bouts” often
initiated by HR accelerations. The period surrounding panic onset was dominated by
respiratory changes. Before panic onset, VTdecreased and PCO2increased, plateaued, and
then decreased. At panic onset, HR and VTrose and then PCO2dropped. Panic onset was
followed by a surprising absence of significant physiological change. The findings imply
that the prototypical PA described by Barlow and colleagues (32) as “an instantaneous alarm
reaction, both subjectively and physiologically peaking within 3-5 min […]” (p.556) may be
an incomplete picture. The unreported cardio-pulmonary instabilities beginning as early as
47 minutes before the initiation of “spontaneous” panic attacks, albeit undetected in the
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patients’ perception, invites reconsideration of the nosological distinction between cued and
spontaneous PAs.

The unique physiological up- and down-regulations recorded long before panic onset may
be manifestations of attacks below the sufferer’s perception threshold. Perhaps they were
being triggered by the same underlying mechanisms that later led to a full-blown attack, but
were attenuated and/or incomplete. The HR spike at −47 min was not accompanied by
decreases in PCO2 or by increases in VT and RR that would have been consistent with
hyperventilation. Only the changes around the attack itself approximated a hyperventilation
pattern.Thus, the earlier physiological changes may represent partial attacks, which various
respiratory adjustments managed to weaken. The repeated bouts of instability may have a
cumulative effect, sensitizing interoceptive awareness until one set of instabilities is
experienced as an abrupt attack coming “out-of-the-blue.”

The decreases in PCO2 near to and following panic onset are consistent with previous
reports (20-21), and have been interpreted as contributory causes of panic (19),
compensatory reactions to a pathological suffocation alarm (18), or simply manifestations of
emotional reactivity (33). The timing of our respiratory and HR changes resembles
observations of Goetz and colleagues (12) of PAs during a lactate-challenge placebo
condition, in which VT increased sharply 1.5 min prior to PA onset, peaked at min 1 of the
PAs, and subsided afterwards. The peak level of VT had the same timing in our study. The
authors speculated that the increase in ventilatory drive, manifested in increased V’E, had
lowered carbon dioxide. The nature of these physiological events lends credence to theories
postulating a central role for cardio-respiratory disturbances in panic. The timing of
respiratory change in our patients is supportive of Klein’s idea that hyperventilation is an
effort to avoid stimulation of an overly sensitive suffocation alarm system triggered by rises
in PCO2 levels (18). Levels of PCO2 in our study were generally in a somewhat hypocapnic
range, both for the PA and NPA time series, but rose and then dropped before PA onset.
Perhaps these rises, although absolute levels were not high, triggered sensations of
suffocation. In our data, higher levels of PCO2were correlated with greater self-reported
anxiety, chest pain, and fear of dying.

Only a few of our patients (see Figure 4) showed the dramatic increases in HR at PA onset
as were reported in case examples by Cohen et al. (10).Our general finding was that a series
of bouts of subtle physiological changes mark the hour before the attack in which HR and
respiratory measures rise and fall in a complex pattern. It is unclear whether patients sensed
these events as an “aura” of the impending panic, giving them a premonition that a full-
blown attack will follow. Retrospective and prospective studies (34-35) assessing symptoms
in the hour preceding unexpected PAs did not find that panickers felt different from usual.
Our results show that internal cues of impending PAs may have been present, but were not
perceived.Thus, whether an attack is reported to be expected or unexpected may not be an
essential nosological characteristic but dependent on the panicker’s sensitivity to bodily
change, as was suggested by Craske et al. (1).

A limitation of our statistical method is that it detects changes in a time series synchronized
across subjects and may not accurately reflect the timing of changes in individual subjects.
The CP pattern for measures near PA onset is consistent with previous and with theoretical
accounts, but the CP pattern for variables in the hour before the attack was less expected.
Possibly elevated pre-attack physiological variability in individual subjects was detected as
CPs even when fluctuations were not perfectly synchronized across subjects. Furthermore,
self-reports of PA onset, upon which the timing of our analysis partially depended, are
subject to uncertainty (1,32). However, the correspondence between reported PA onset and
physiological change points was strikingly close. Finally, this study is based on only 13
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attacks. Our patients sometimes told us they were eager to experience an attack, “so they
could finally get evidence that it was truly real.” While this intention may have
paradoxically reduced the number of attacks reported, expectations for having a PA was
unrelated to PA occurrence.
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Figure 1.
Illustration of the ambulatory set-up for 24-h monitoring. Ambulatory recorder [1], thoracic
and abdominal plethysmography bands [2], capnometry device [3] with attached nasal
cannula [4], EKG electrodes [5], electrodermal activity [6],sound sensor [7], accelerometers
[8], external and finger temperature sensors [9], and event marker button [10].
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Figure 2.
Bold black and red lines reflect average levels of the measure and significant changes in
those average levels. The time of the reported PAs (or corresponding NPA time periods) is
marked as a vertical dashed red line at time point 1. The red box encloses CPs occurring at
PA onset, the blue box CPs during min −47 to −42, the yellow box CPs during min −30 to
−27, and the green box CPs during min −19 to −9.
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Figure 3.
Variables with no CPs and control variables
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Figure 4.
Illustration of single case (Pt #41) example of heart rate in the hour prior to, during, and the
first 10 min following the PA.The time of the reported PAs (or corresponding NPA time
periods) is marked as a vertical dashed red line at time point 1. The dotted line reflects
missing data which was interpolated in the analysis.
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Table 1

DSM-IV panic symtpom and emotions reported during panic attacks and rest*

Variable Panic Attacks Rest

Anxiety 8.00±1.22 3.90±3.14

Worry 6.00±2.77 3.09±2.63

Shortness of breath 6.15±2.88 2.36±2.98

Racing/pounding heart 6.15±2.88 1.81±2.40

Unsteadiness/dizziness/faintness 4.08±3.45 0.45±0.82

Chest pain/discomfort 3.77±4.07 1.82±2.63

Feelings of unreality 3.62±3.38 1.45±1.98

Sweating 2.77±3.54 1.00±0.89

Hot flashes/cold flashes 2.62±3.64 0.45±0.82

Fear of losing control/going crazy 2.31±2.81 0.18±0.40

Trembling/shaking 1.85±2.03 0.90±2.39

Chocking sensations 1.77±3.14 0.00±0.00

Nausea/abdominal distress 1.77±2.77 0.91±2.42

Numbness/tingling 1.23±2.39 0.18±0.40

Fear of dying 1.00±2.27 0.18±0.60

*
Data are given as means ± SD.

Ratings based on following instruction: “Please rate the maximum severity of the symptoms and emotions you experienced as soon as possible
after a panic attack occurred (for PA)” or “Please rate the maximum severity of the symptoms and emotions you experienced during the last 2
hours (for resting).” [0 for “none”, 2 - “mild, 5 - “moderate”, 8 - “strong”, and 10 - “extreme”].
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