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Abstract

Patients with panic disorder (PD) have a bias to respond to normal stimuli in a fearful way. This may be due to the
preactivation of fear-associated networks prior to stimulus perception. Based on EEG, we investigated the difference
between patients with PD and normal controls in resting state activity using features of transiently stable brain states
(microstates). EEGs from 18 drug-naive patients and 18 healthy controls were analyzed. Microstate analysis showed that one
class of microstates (with a right-anterior to left-posterior orientation of the mapped field) displayed longer durations and
covered more of the total time in the patients than controls. Another microstate class (with a symmetric, anterior-posterior
orientation) was observed less frequently in the patients compared to controls. The observation that selected microstate
classes differ between patients with PD and controls suggests that specific brain functions are altered already during resting
condition. The altered resting state may be the starting point of the observed dysfunctional processing of phobic stimuli.
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Introduction

Panic disorder (PD) is a common mental disorder [1–3], which

is thought to involve aberrant cognitive features such as

catastrophic misinterpretation of bodily sensations even during

the inter-attack conditions [4]. The lifetime prevalence of PD with

or without agoraphobia is about 3–4% [5]. PD is associated with

other psychiatric disorders [1–2] and a high risk of suicidal

attempts [6]. Recent studies emphasize the importance of panic

syndromes as a significant source of disability in the general

population [2,7]. It has been argued that the pathophysiology of

PD results from dysfunctions in neural microcircuits such as

fronto-temporo-limbic circuits [8-9]. A number of neuroimaging

studies have demonstrated aberrant brain activity in these cortical

areas not only during panic attacks [10–11] but also during resting

[12–17]. Furthermore, factor analyses of functional connectivity of

spontaneous fMRI-BOLD signal fluctuations, which yields so-

called resting-state networks [18–24] demonstrated aberrant RSNs

in patient with anxiety disorders [25–28].

The observation that resting state brain activity can efficiently

be parsed into a small and consistent set of patterns that have

network characteristics has been made in EEG data, too. These

patterns transiently synchronized EEG measurements have been

referred to as microstates, and their rationale is briefly outlined

here: Traditionally, spontaneous EEG analysis relies mainly on the

power variation in different frequency bands; however, observing

this variation inherently sacrifices temporal accuracy due to the

time-frequency uncertainty principle. To account for short-lasting

fluctuations of neuronal activity, analysis methods in the time

domain are required. The momentary scalp EEG field is a direct

measure of the momentary global state of the brain. It represents

the summation of all concurrently active sources in the brain

irrespective of their frequency [29–32]. A series of momentary

scalp EEG field remains quasi-stable for periods of about 50–120

ms; such stability is not found in amplitude and power

modulations at the single electrodes. During these periods of

quasi-stability, the topography remains fixed, while polarity can

invert; such inversions are driven by oscillations of the dominant

generators. These periods of stable EEG topography are referred

to as EEG microstates [30]. Interestingly, the scalp topographies

observed at rest can be clustered into a limited number of map

classes with prototypical configurations, and four topographies

typically are sufficient to explain about 80% of the variance

[29,32]. Recent studies using simultaneous EEG and fMRI

recording demonstrated that EEG-defined microstates correlate

significantly with RSNs assessed by fMRI [18,33] and the four

most typical microstates of spontaneous EEG seem to be

associated with four of the fMRI based RSNs [18].

A number of studies applied spontaneous EEG microstate

analysis to assess changes in global brain coordination in

association with spontaneous thoughts [34] or brain maturation

[29]. In addition, alterations of microstates have been reported in

schizophrenia [35–37], depression [38], and Alzheimer’s disease

[39-40]. However, no previous study analyzed resting state EEG

in anxiety disorder as a function of spatially separate microstate

classes.

In this study, we hypothesized that aberrant brain resting state

networks in patients with PD must be reflected by deviant EEG
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microstate properties. In order to test this hypothesis, we evaluated

EEG microstates in drug- naı̈ve patients with PD in comparison

with normal controls.

Materials and Methods

Subject
The patient group consisted of 11 men and 7 women who

consulted the psychiatric outpatient clinic of Kanazawa University

Hospital. All were diagnosed by trained psychiatrists, and fulfilled

DSM-IV criteria for PD with or without agoraphobia. Mean age

(6SD) was 30.269.1 years (range, 16–52), the mean duration of

disease (6SD) was 57.7697.0 weeks (range, 1.5–380). None of the

patients had any comorbidity with other psychiatric disorders,

such as major depression. Patients had never received psychoac-

tive medication (e.g., antipsychotics, anticholinergics, antidepres-

sants, anticonvulsants, anxiolytics, cerebral metabolic activators,

or cerebral vasodilators). The current severity (mild, moderate,

severe, and in partial remission) of panic attacks was specified for

each patient according to the DSM-III-R criteria.

Control subjects consisted of 18 healthy volunteers (11 men and

7 women), aged (6SD) 30.669.8 years (range, 20–54). The

control group was not significantly different from the PD group in

age or gender. They were staff members of Kanazawa University

Hospital or their family members, and did not have any personal

or family history of psychiatric or neurological disease, which was

confirmed both by a self-reported past history and by a psychiatric

examination of present mental state using the DSM-IV criteria of

axis I. All were functioning normally and independently in their

daily lives. All subjects in the two groups were right-handed. The

present study was approved by the Ethics Committee of

Kanazawa University, and written informed consent was obtained

from all participants.

EEG recording
Subjects were recorded while lying in a soundproof, light-

controlled recording room. Electrodes were attached to the scalp

with paste at the following positions of the International 10–20

System: Fp1, Fp2, F3, F4, Fz, F7, F8, C3, C4, P3, P4, Pz, T5, T6,

O1, and O2, reference was linked earlobes. Eye-movements were

monitored with an additional EOG channel. Electrode-imped-

ances were kept below 5 kV. The EEG was filtered (1.5 to 60 Hz

bandpass), amplified, digitized (200 Hz) and digitally stored using

an 18-channel electroencephalograph (EEG-44189, Nihon Koh-

den, Tokyo, Japan). All subjects were instructed to relax and keep

their eyes closed throughout the recording period. The subjects

were observed via a video monitoring system. When they

appeared to become drowsy, they were asked to briefly open

their eyes and remain awake, after which the EEG recording was

continued. From the recorded data, epochs of 2.56 sec (512 data

points) duration recorded in the eyes-closed but awake state were

selected based on visual inspection of EEG and EOG recordings.

Epochs containing eye movements, blinks, muscle activities or

other artifacts were excluded. The number of available epochs per

subject ranged from 18 to 61. All epochs were recomputed against

common average reference.

EEG microstate analysis
The microstate analysis followed the standard procedure used in

earlier work [29]. The selected EEG epochs were digitally band

pass filtered from 2–20 Hz. Global Field Power (GFP), which

quantifies the overall potential variance across the set of electrodes,

was computed at each sample in time. Since topography remains

stable around peaks of GFP and changes during the troughs, only

topographies at momentary maxima of the GFP were further

analyzed. As in previous work [36], four optimally fitted

microstate class topographies were computed using a modified

version of the K-mean clustering algorithm [41]. The algorithm

searched four classes of microstate topography and assigned each

EEG topography to one of these classes. This number of classes

has previously been found to be optimal and was maintained for

compatibility with the existing literature. Microstate class topog-

raphies were computed individually and averaged across subjects,

using a permutation algorithm that maximized the common

variance over subjects [36].

Within each subject, microstates were identified as continuous

epochs within which all topographies were assigned to the same

class. No minimal microstate duration was required. Individual

microstate profiles were computed for each class, consisting of

mean microstate duration (‘‘duration’’), mean number of micro-

states per second (‘‘occurrence’’) and percentage of total analysis

time occupied in that state (‘‘percent total time’’). For each

microstate measure, a two way ANOVA was performed with

subject group as between, and microstate class as within subject

factors. Significant results including group were post hoc tested

using unpaired, double-ended t-tests. Relationships between each

microstate measure and the current severity (in partial remission

= 1, mild = 2, moderate = 3 and severe = 4) of panic attacks

according to the DSM-III-R criteria was assessed using Spear-

man’s rank correlation coefficient. Statistical significance was

defined as p,0.05.

The microstate syntax was assessed as follows: For each subject,

the number of transitions from each of the four classes to any other

class was counted; these numbers were normalized to fractions of

all between-class transitions of the subjects. Given four classes,

were thus obtained for each subject twelve values for all possible

sequences doublets, and 36 values for sequence triplets. For each

transition value, a double-ended t-test was performed between

groups.

Results

EEG microstate analysis
The group mean maps of the 4 microstate classes are shown in

Fig. 1. They closely resembled classes previously observed in eye-

closed EEG [29] and were labeled accordingly. Both groups had

two microstate classes (A and B) with diagonally oriented axes of

the mapped field, one class (C) with a clear anterior-posterior

orientation, and one (D) with a fronto-central extreme location.

The four microstate classes accounted for a mean of 76.2% (S.D.:

6.9%) of the data variance across healthy controls, and of 75.7%

Figure 1. Microstate classes of patients and controls. Mean
normalized equipotential maps of the four microstate classes (A–D) of
patients and controls. Using a linear scale, the map areas of opposite
polarity are arbitrarily coded in black and white.
doi:10.1371/journal.pone.0022912.g001
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(S.D.: 7.2%) across patients with PD. The duration, occurrence,

and total time for the 4 microstate classes are shown in Fig. 2.

Microstate mean duration varied between 54.5 and 83.4 ms in

patients and controls for the different microstate classes. The group

6 microstate class ANOVA showed no main group effect, but a

significant interaction between group and microstate class

(F = 2.75; df = 3,108; p = .046). This was due to significantly

longer microstates of class A of patients compared to controls

(t = 2.20, df = 34, p = .035) (Table 1, Fig 2A).

Microstate occurrence ranged between 3.37 and 4.51 micro-

states/second. The ANOVA showed no main group effect, but a

significant interaction between group and microstate class

(F = 7.10; df = 3,108; p,.0.01). This was because microstates of

class C were significantly less frequent in patients compared to

controls (t = -2.58, df = 34, p = .015) (Table 2, Fig 2B).

Percent of total time covered by the different microstate classes

ranged between 18.2% and 34.7%. The ANOVA showed a

significant interaction between group and microstate class

(F = 4.00 df = 3,108; p = .010) that was due to significantly more

percent total time in microstates of class A in patients than controls

(t = 3.21, df = 34, p = .003) (Table 3, Fig 2C).

Between any microstate measures above and the current

severity of panic attacks according to the DSM-III-R criteria,

there was no significant correlation (P.0.05).

EEG microstate syntax
T values of all doublet sequences of microstate between two

groups are shown in Fig. 3A. No significance was demonstrated in

any doublet sequence pattern. T values of all triplet sequences of

microstate between two groups are shown in Fig. 3B. Only in the

ARCRB sequence, patients group showed significantly lower

value (t = 22.47, p = .019). However, a single significant result in

36 tests was below the number expected by chance.

Discussion

The present results indicate that patients with PD show

alterations in a specific subset of sub-second brain functional

states. This is consistent with the results from RSN studies using

fMRI showing that specific aspects of brain resting networks are

affected in patients with PD [25–28]. These physiological results

are in agreement with the clinical observation that in patients with

PD only specific aspects of cognition are affected [42–44].

As far as we know, there was only one previous study on

spontaneous EEG microstates in PD [45], and microstate

clustering was not used in that study. They reported an overall

change of microstate lateralization with a more right-anterior to

left-posterior orientation in patients with PD, which is consistent

with our result of more percent total time in microstates of class A.

On the other hand, they reported shorter overall microstate

durations in patients, which was inconsistent with our results. This

may be explained by considerable methodological differences:

They used an eyes-open condition for the resting EEG, whereas

we used an eyes-closed condition. In addition, they excluded

microstates with a single GFP-peak in the calculation of the

average microstate duration, whereas we included them.

Recent studies using simultaneous EEG and fMRI recording

demonstrated that EEG-defined microstates correlate significantly

with RSNs assessed by fMRI [18,33]. One of the EEG microstates

(identical with class A in the present study) was reported to be

correlated with negative blood-oxygen-level dependence (BOLD)

activations primarily in bilateral superior and middle temporal gyri

[18], areas that are implicated in phonological processing in RSNs

[19-20]. Thus, more percent total time in microstates of class A in

the present study may suggest an abnormality in the temporal

lobe, which would not be specific for PD but which has been

reported in previous structural studies [46–47] or in functional

studies of the auditory system [48–49] in patients with PD.

More percent total time in microstates of class A has also been

reported in patients with schizophrenia [36,50]. A previous study

hypothesized that anxiety is an integral part of the development of

schizophrenia in a significant sub-group of cases [51], and anxiety

(although unspecific) is the most common symptom in schizophrenia.

Figure 2. Microstate statistics. Duration (I), occurrence/second (II),
and percent total time covered (III), of the 4 microstate classes (A–D) of
controls (n = 18; open circle) and drug naı̈ve patients with panic
disorder (n = 18; closed circle). Values indicate means 6 S.E. * p,.05:
comparison between patients (n = 18) and controls (n = 18) using
double-ended t-test.
doi:10.1371/journal.pone.0022912.g002

Table 1. Mean duration of microstate (SD) in patients with
panic disorder (n = 18) and normal controls (n = 18).

Panic disorder
(ms)

Control
(ms) t value

P value
(2-tailed t-test)

Class A 63.81 (14.71) 54.55 (10.14) 2.20 .035

Class B 58.47 (10.47) 61.03 (13.75) 2.63 n.s.

Class C 64.21 (18.92) 66.63 (18.17) 2.39 n.s.

Class D 83.40 (25.34) 74.14 (17.62) 1.27 n.s.

doi:10.1371/journal.pone.0022912.t001

Panic Disorder and EEG Microstate Analysis
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One may therefore speculate that there is a common neurophysio-

logical trait or state in these disorders that is reflected by an increase in

percent total time in microstates of class A.

In the present study, we also demonstrated fewer occurrences in

microstates of class C in patients with PD. In a previous study,

class C was a predominant microstate class in healthy adult

subjects recorded during eyes closed relaxation [29], associating

class C with a relaxed idling state. The increased arousal patients

may thus reduce the occurrence of microstates of class C. In

another study by Mueller et al (2005), the occurrence of

microstates of class C were associated with the break-down of a

top-down driven illusionary motion, and their occurrence was

reduced during periods when a new percept was constructed [52].

One may therefore speculate that the reduction of the number of

microstates of class C relates to a difficulty of the patients to re-

consider a previously made cognitive-emotional evaluation of

some environmental stimuli.

A recent study demonstrated that one of the EEG microstates

(identical with class C in the present study) was correlated with

positive BOLD activations in the posterior part of the anterior

cingulate cortex as well as bilateral inferior frontal gyri, the right

anterior insula and the left claustrum [18]. These areas roughly

correspond to RSN ‘6’ in a previous study [20]. This RSN includes

the fronto-insular cortex which has been found to be part of the

saliency network [22,53] and plays a critical role in switching

between central-executive functions and the default mode [54].

What’s interesting is that in patient with generalized anxiety

disorder [25] and social anxiety disorder [26], recent pioneering

studies demonstrated decreased resting state activity in regions that

correspond to this saliency network. Our result also suggests a

decreased functional connectivity between the insulae and other

brain systems during resting conditions in patient with PD or other

anxiety disorders. Resting state connectivity between the anterior

insulae and the anterior cingulate system was reported to integrate

interoceptive information with emotional salience to form a

subjective representation of the body [55], and aberration in this

system may lead patients with PD to the catastrophic misinter-

pretation of bodily sensations even during the inter-attack

conditions.

In microstate class D, there was no significant difference

between patients with PD and normal controls. In previous

studies, patients with schizophrenia typically showed shortening of

microstates of class D [35–36,50]. A recent study demonstrated

that one of the EEG microstate (identical with class D in the

present study) was correlated with negative BOLD signal in right-

lateralized dorsal and ventral areas of frontal and parietal cortex

[18]. These areas correspond to RSN ‘2’ in the study by [20] and

this RSN has been reported to be involved in attention [56]. In

patients with schizophrenia, various cognitive dysfunctions

including attentional deficits have been reported [57]. On the

contrary, in patients with PD, cognitive functions are relatively

intact [58], while selective aberrant processing for threatening

stimuli has been reported in PD [59]. These preserved cognitive

abilities in PD may correlate with the normal properties of

microstate class D in the present study.

The present article also examined the microstate syntax in

patients with PD. A recent study demonstrated a deviant

microstate syntax in patients with schizophrenia [50], which

suggests abnormalities in the sequence of information processing.

We found no robust deviations of microstate syntax in patients

with PD, both in doublet and triplet sequences, except for a

decreased sequence of ARCRB that may be related to the low

occurrence of class C in PD.

Limitations
There are some limitations of this study. (1) Small number of

subjects included in the analysis. (2) Patients and controls were

matched for gender and age, but not for socioeconomic status or

parental educational history. (3) For a more comprehensive

coverage of the severity of panic disorder, more detailed scales

(e.g., Panic Disorder Severity Scale [60]) should have been used

for the clinical assessment.

Conclusions
If we accept the concept that microstates are candidates for the

‘‘atoms of thought’’ [31], the deviant thoughts such as catastrophic

thoughts [4,61–62] or their anticipatory anxiety about having

additional attacks [63] could be reflected in their deviant

microstates profiles. The present study has shown that the

occurrence of sub-second, transiently stable brain states in

resting-state EEG, differs between patients with PD and controls.

In the patients, the probabilities of specific states of the active

neural networks are thus different already prior to the percept of a

stimulus. The interpretation of a stimulus and eventually the

selection of a behavioral response are determined by the

interaction of pre-activated networks with the activity elicited by

the stimulus. Abnormal internal states may therefore be precursors

to the abnormal responses observed in the patients. Further studies

including the treatment effect are needed to determine whether

Table 2. Mean occurrence of microstate (SD) in patients with panic disorder (n = 18) and normal controls (n = 18).

Panic disorder (/sec) Control (/sec) t value P value (2-tailed t-test)

Class A 3.79 (.78) 3.41 (1.05) 1.27 n.s.

Class B 3.37 (.85) 3.65 (.68) 21.10 n.s.

Class C 3.51 (.86) 4.34 (1.02) 22.58 .015

Class D 4.38 (.73) 4.51 (.96) 2.45 n.s.

doi:10.1371/journal.pone.0022912.t002

Table 3. Mean Total time (%) of microstate (SD) in patients
with panic disorder (n = 18) and normal controls (n = 18).

Panic disorder
(%)

Control
(%) t value

P value
(2-tailed t-test)

Class A 23.5 (5.4) 18.2 (4.6) 3.21 .003

Class B 19.9 (5.1) 21.7 (4.7) 21.38 n.s.

Class C 23.3 (9.7) 28.0 (7.9) 21.91 n.s.

Class D 34.7 (8.2) 32.2 (7.9) .95 n.s.

doi:10.1371/journal.pone.0022912.t003

Panic Disorder and EEG Microstate Analysis

PLoS ONE | www.plosone.org 4 July 2011 | Volume 6 | Issue 7 | e22912



these findings result from state dependent brain conditions or from

brain vulnerability (state-like phenomenon) to PD.

Acknowledgments

We would like to thank the participants in this study.

Author Contributions

Conceived and designed the experiments: WS TD YM. Performed the

experiments: MK TK TM AH YK. Analyzed the data: MK TK.

Contributed reagents/materials/analysis tools: MK TK. Wrote the paper:

MK TK.

References

1. Hirschfeld RM (1996) Panic disorder: diagnosis, epidemiology, and clinical

course. J Clin Psychiatry 57(Suppl 10): 3–8; discussion 9-10.

2. Skapinakis P, Lewis G, Davies S, Brugha T, Prince M, et al. (2010) Panic

disorder and subthreshold panic in the UK general population: Epidemiology,

comorbidity and functional limitation. Eur Psychiatry.

3. Asnaani A, Richey JA, Dimaite R, Hinton DE, Hofmann SG (2010) A cross-

ethnic comparison of lifetime prevalence rates of anxiety disorders. J Nerv Ment

Dis 198: 551–555.

4. Goldberg C (2001) Cognitive processes in panic disorder: an extension of current

models. Psychol Rep 88: 139–159.

5. Jacobi F, Wittchen HU, Holting C, Hofler M, Pfister H, et al. (2004) Prevalence,

co-morbidity and correlates of mental disorders in the general population: results

from the German Health Interview and Examination Survey (GHS). Psychol

Med 34: 597–611.

6. Gorman JM, Coplan JD (1996) Comorbidity of depression and panic disorder.

J Clin Psychiatry 57(Suppl 10): 34–41; discussion 42-33.

7. Sherbourne CD, Sullivan G, Craske MG, Roy-Byrne P, Golinelli D, et al. (2010)

Functioning and disability levels in primary care out-patients with one or more

anxiety disorders. Psychol Med 40: 2059–2068.

8. Coplan JD, Lydiard RB (1998) Brain circuits in panic disorder. Biol Psychiatry

44: 1264–1276.

9. Gorman JM, Kent JM, Sullivan GM, Coplan JD (2000) Neuroanatomical

hypothesis of panic disorder, revised. Am J Psychiatry 157: 493–505.

10. Pfleiderer B, Zinkirciran S, Arolt V, Heindel W, Deckert J, et al. (2007) fMRI

amygdala activation during a spontaneous panic attack in a patient with panic

disorder. World J Biol Psychiatry 8: 269–272.

11. Dresler T, Hahn T, Plichta MM, Ernst LH, Tupak SV, et al. (2011) Neural

correlates of spontaneous panic attacks. J Neural Transm 118: 263–269.

Figure 3. Microstate syntax. (A) T values (unpaired t-test) between healthy controls and drug naı̈ve patients for each doublet sequence of
microstate. Positive value indicates higher occurrence ratio in patients than controls. No significance was demonstrated using double-ended t-tests.
(B) T values for each triplet sequence of microstate. Positive value indicates higher occurrence ratio in patients than controls. Dashed lines indicate
significance level (p = .05) of the 2-tailed t-test. * p,.05 using double-ended t-test.
doi:10.1371/journal.pone.0022912.g003

Panic Disorder and EEG Microstate Analysis

PLoS ONE | www.plosone.org 5 July 2011 | Volume 6 | Issue 7 | e22912



12. Sakai Y, Kumano H, Nishikawa M, Sakano Y, Kaiya H, et al. (2005) Cerebral

glucose metabolism associated with a fear network in panic disorder.

Neuroreport 16: 927–931.

13. Reiman EM, Raichle ME, Butler FK, Herscovitch P, Robins E (1984) A focal

brain abnormality in panic disorder, a severe form of anxiety. Nature 310:

683–685.

14. De Cristofaro MT, Sessarego A, Pupi A, Biondi F, Faravelli C (1993) Brain

perfusion abnormalities in drug-naive, lactate-sensitive panic patients: a SPECT

study. Biol Psychiatry 33: 505–512.

15. Boshuisen ML, Ter Horst GJ, Paans AM, Reinders AA, den Boer JA (2002)

rCBF differences between panic disorder patients and control subjects during

anticipatory anxiety and rest. Biol Psychiatry 52: 126–135.

16. Nordahl TE, Semple WE, Gross M, Mellman TA, Stein MB, et al. (1990)

Cerebral glucose metabolic differences in patients with panic disorder.

Neuropsychopharmacology 3: 261–272.

17. Bisaga A, Katz JL, Antonini A, Wright CE, Margouleff C, et al. (1998) Cerebral

glucose metabolism in women with panic disorder. Am J Psychiatry 155:

1178–1183.

18. Britz J, Van De Ville D, Michel CM (2010) BOLD correlates of EEG

topography reveal rapid resting-state network dynamics. Neuroimage 52:

1162–1170.

19. Damoiseaux JS, Rombouts SA, Barkhof F, Scheltens P, Stam CJ, et al. (2006)

Consistent resting-state networks across healthy subjects. Proc Natl Acad

Sci U S A 103: 13848–13853.

20. Mantini D, Perrucci MG, Del Gratta C, Romani GL, Corbetta M (2007)

Electrophysiological signatures of resting state networks in the human brain.

Proc Natl Acad Sci U S A 104: 13170–13175.

21. Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA, et al. (2001)

A default mode of brain function. Proc Natl Acad Sci U S A 98: 676–682.

22. Seeley WW, Menon V, Schatzberg AF, Keller J, Glover GH, et al. (2007)

Dissociable intrinsic connectivity networks for salience processing and executive

control. J Neurosci 27: 2349–2356.

23. Harrison BJ, Pujol J, Lopez-Sola M, Hernandez-Ribas R, Deus J, et al. (2008)

Consistency and functional specialization in the default mode brain network.

Proc Natl Acad Sci U S A 105: 9781–9786.

24. Harrison BJ, Pujol J, Ortiz H, Fornito A, Pantelis C, et al. (2008) Modulation of

brain resting-state networks by sad mood induction. PLoS One 3: e1794.

25. Etkin A, Prater KE, Schatzberg AF, Menon V, Greicius MD (2009) Disrupted

amygdalar subregion functional connectivity and evidence of a compensatory

network in generalized anxiety disorder. Arch Gen Psychiatry 66: 1361–1372.

26. Liao W, Chen H, Feng Y, Mantini D, Gentili C, et al. (2010) Selective aberrant

functional connectivity of resting state networks in social anxiety disorder.

Neuroimage 52: 1549–1558.

27. Gentili C, Ricciardi E, Gobbini MI, Santarelli MF, Haxby JV, et al. (2009)

Beyond amygdala: Default Mode Network activity differs between patients with

social phobia and healthy controls. Brain Res Bull 79: 409–413.

28. Zhao XH, Wang PJ, Li CB, Hu ZH, Xi Q, et al. (2007) Altered default mode

network activity in patient with anxiety disorders: an fMRI study. Eur J Radiol

63: 373–378.

29. Koenig T, Prichep L, Lehmann D, Sosa PV, Braeker E, et al. (2002) Millisecond

by millisecond, year by year: normative EEG microstates and developmental

stages. Neuroimage 16: 41–48.

30. Lehmann D, Ozaki H, Pal I (1987) EEG alpha map series: brain micro-states by

space-oriented adaptive segmentation. Electroencephalogr Clin Neurophysiol

67: 271–288.

31. Lehmann D, Strik WK, Henggeler B, Koenig T, Koukkou M (1998) Brain

electric microstates and momentary conscious mind states as building blocks of

spontaneous thinking: I. Visual imagery and abstract thoughts.

Int J Psychophysiol 29: 1–11.

32. Wackermann J, Lehmann D, Michel CM, Strik WK (1993) Adaptive

segmentation of spontaneous EEG map series into spatially defined microstates.

Int J Psychophysiol 14: 269–283.

33. Van de Ville D, Britz J, Michel CM (2010) EEG microstate sequences in healthy

humans at rest reveal scale-free dynamics. Proc Natl Acad Sci U S A 107:

18179–18184.

34. Lehmann D, Pascual-Marqui RD, Strik WK, Koenig T (2010) Core networks

for visual-concrete and abstract thought content: a brain electric microstate

analysis. Neuroimage 49: 1073–1079.

35. Kikuchi M, Koenig T, Wada Y, Higashima M, Koshino Y, et al. (2007) Native

EEG and treatment effects in neuroleptic-naive schizophrenic patients: time and

frequency domain approaches. Schizophr Res 97: 163–172.

36. Koenig T, Lehmann D, Merlo MC, Kochi K, Hell D, et al. (1999) A deviant

EEG brain microstate in acute, neuroleptic-naive schizophrenics at rest. Eur

Arch Psychiatry Clin Neurosci 249: 205–211.

37. Strelets V, Faber PL, Golikova J, Novototsky-Vlasov V, Koenig T, et al. (2003)

Chronic schizophrenics with positive symptomatology have shortened EEG
microstate durations. Clin Neurophysiol 114: 2043–2051.

38. Strik WK, Dierks T, Becker T, Lehmann D (1995) Larger topographical

variance and decreased duration of brain electric microstates in depression.
J Neural Transm Gen Sect 99: 213–222.

39. Dierks T, Jelic V, Julin P, Maurer K, Wahlund LO, et al. (1997) EEG-
microstates in mild memory impairment and Alzheimer’s disease: possible

association with disturbed information processing. J Neural Transm 104:

483–495.
40. Strik WK, Chiaramonti R, Muscas GC, Paganini M, Mueller TJ, et al. (1997)

Decreased EEG microstate duration and anteriorisation of the brain electrical
fields in mild and moderate dementia of the Alzheimer type. Psychiatry Res 75:

183–191.
41. Pascual-Marqui RD, Michel CM, Lehmann D (1995) Segmentation of brain

electrical activity into microstates: model estimation and validation. IEEE Trans

Biomed Eng 42: 658–665.
42. van den Heuvel OA, Veltman DJ, Groenewegen HJ, Witter MP, Merkelbach J,

et al. (2005) Disorder-specific neuroanatomical correlates of attentional bias in
obsessive-compulsive disorder, panic disorder, and hypochondriasis. Arch Gen

Psychiatry 62: 922–933.

43. Neidhardt E, Florin I (1999) Memory bias for panic-related material in patients
with panic disorder. Psychopathology 32: 260–266.

44. Pauli P, Dengler W, Wiedemann G (2005) Implicit and explicit memory
processes in panic patients as reflected in behavioral and electrophysiological

measures. J Behav Ther Exp Psychiatry 36: 111–127.
45. Wiedemann G, Stevens A, Pauli P, Dengler W (1998) Decreased duration and

altered topography of electroencephalographic microstates in patients with panic

disorder. Psychiatry Res 84: 37–48.
46. Uchida RR, Del-Ben CM, Busatto GF, Duran FL, Guimaraes FS, et al. (2008)

Regional gray matter abnormalities in panic disorder: a voxel-based morphom-
etry study. Psychiatry Res 163: 21–29.

47. Vythilingam M, Anderson ER, Goddard A, Woods SW, Staib LH, et al. (2000)

Temporal lobe volume in panic disorder--a quantitative magnetic resonance
imaging study. Psychiatry Res 99: 75–82.

48. Ghisolfi ES, Heldt E, Zanardo AP, Strimitzer IM, Jr., Prokopiuk AS, et al.
(2006) P50 sensory gating in panic disorder. J Psychiatr Res 40: 535–540.

49. Pfleiderer B, Zinkirciran S, Michael N, Hohoff C, Kersting A, et al. (2010)
Altered auditory processing in patients with panic disorder: a pilot study.

World J Biol Psychiatry 11: 945–955.

50. Lehmann D, Faber PL, Galderisi S, Herrmann WM, Kinoshita T, et al. (2005)
EEG microstate duration and syntax in acute, medication-naive, first-episode

schizophrenia: a multi-center study. Psychiatry Res 138: 141–156.
51. Turnbull G, Bebbington P (2001) Anxiety and the schizophrenic process: clinical

and epidemiological evidence. Soc Psychiatry Psychiatr Epidemiol 36: 235–243.

52. Muller TJ, Koenig T, Wackermann J, Kalus P, Fallgatter A, et al. (2005)
Subsecond changes of global brain state in illusory multistable motion

perception. J Neural Transm 112: 565–576.
53. Fox MD, Corbetta M, Snyder AZ, Vincent JL, Raichle ME (2006) Spontaneous

neuronal activity distinguishes human dorsal and ventral attention systems. Proc
Natl Acad Sci U S A 103: 10046–10051.

54. Sridharan D, Levitin DJ, Menon V (2008) A critical role for the right fronto-

insular cortex in switching between central-executive and default-mode
networks. Proc Natl Acad Sci U S A 105: 12569–12574.

55. Taylor KS, Seminowicz DA, Davis KD (2009) Two systems of resting state
connectivity between the insula and cingulate cortex. Hum Brain Mapp 30:

2731–2745.

56. Corbetta M, Shulman GL (2002) Control of goal-directed and stimulus-driven
attention in the brain. Nat Rev Neurosci 3: 201–215.

57. Goldman-Rakic PS (1994) Working memory dysfunction in schizophrenia.
J Neuropsychiatry Clin Neurosci 6: 348–357.

58. Purcell R, Maruff P, Kyrios M, Pantelis C (1998) Neuropsychological deficits in

obsessive-compulsive disorder: a comparison with unipolar depression, panic
disorder, and normal controls. Arch Gen Psychiatry 55: 415–423.

59. McNally RJ, Riemann BC, Kim E (1990) Selective processing of threat cues in
panic disorder. Behav Res Ther 28: 407–412.

60. Shear MK, Brown TA, Barlow DH, Money R, Sholomskas DE, et al. (1997)
Multicenter collaborative panic disorder severity scale. Am J Psychiatry 154:

1571–1575.

61. Chambless DL, Beck AT, Gracely EJ, Grisham JR (2000) Relationship of
cognitions to fear of somatic symptoms: a test of the cognitive theory of panic.

Depress Anxiety 11: 1–9.
62. Hoffart A (1995) Cognitive mediators of situational fear in agoraphobia. J Behav

Ther Exp Psychiatry 26: 313–320.

63. Bandelow B, Brunner E, Broocks A, Beinroth D, Hajak G, et al. (1998) The use
of the Panic and Agoraphobia Scale in a clinical trial. Psychiatry Res 77: 43–49.

Panic Disorder and EEG Microstate Analysis

PLoS ONE | www.plosone.org 6 July 2011 | Volume 6 | Issue 7 | e22912


	1

