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Major earthquakes were followed by a large number of aftershocks and significant outbreaks of dizziness
occurred over a large area. However it is unclear why major earthquake causes dizziness. We conducted an
intergroup trial on equilibrium dysfunction and psychological states associated with equilibrium
dysfunction in individuals exposed to repetitive aftershocks versus those who were rarely exposed. Greater
equilibrium dysfunction was observed in the aftershock-exposed group under conditions without visual
compensation. Equilibrium dysfunction in the aftershock-exposed group appears to have arisen from
disturbance of the inner ear, as well as individual vulnerability to state anxiety enhanced by repetitive
exposure to aftershocks. We indicate potential effects of autonomic stress on equilibrium function after
major earthquake. Our findings may contribute to risk management of psychological and physical health
after major earthquakes with aftershocks, and allow development of a new empirical approach to disaster
care after such events.

P
ast major earthquakes have been associated with increased prevalence of psychiatric morbidities such as
anxiety disorders1, mood disorders2, sleep disorders3,4, and posttraumatic stress disorder1,3 as well as neuro-
logical complaints such as dizziness5. The Tohoku earthquake on March 11 in 2011 (moment magnitude 5

9.0, Shindo 7 [Japanese seismic scale: see Supplementary Table 1]) and the large numbers of aftershocks (Fig. 1)
was no exception (Japan Meteorological Agency, 2011: The Shindo database searching, http://www.seisvol.k-
ishou.go.jp/eq/shindo_db/shindo_index.html); several months after the initial earthquake, significant outbreaks
of dizziness occurred over a large area surrounding the epicenter of the earthquake, including in Tokyo6.

Dizziness is generally associated with neural lesions at two different levels, ranging from the distal sensory
organ of equilibrium to the cortical center via the brainstem nuclei7. Ménière syndrome8, benign paroxysmal
positional vertigo (BPPV)9, and vestibular neuritis give rise to rotatory vertigo through organic disorders of the
distal sensor of equilibrium in the inner ear10. The semicircular canal located in the inner ear sends signals to the
brain via the vestibular nerve regarding the direction, speed, and acceleration of head rotation11. The semicircular
canal consists of 3-dimensional tubular structures filled with endolymph containing cilia cells. When the cilia cells
sense motion in the endolymph, a postural signal is transmitted to the brain. Rotatory vertigo, also called
peripheral vertigo, refers to a sensation of the external world revolving around the patient or of the patient
revolving gently along the circumference of a larger circle9. In contrast, postural vertigo, also called central vertigo,
occurs due to organic disorders in the brainstem nuclei or higher cortical levels10. Postural vertigo can be
described as the sensation of boarding a boat rocking in water rippling irregularly and swiftly, and often
accompanies neurologic deficits such as articulation disorder or double vision9.

Both forms of vertigo are accompanied by a sensation of disequilibrium. Peripheral neurological disturbances
generally enhance low-frequency and large-amplitude fluctuations of the body’s center of gravity (CoG)12. In
contrast, central neurological disturbances generally enhance high-frequency and small-amplitude fluctuations
of the CoG13,14. In addition, disequilibrium caused by unilateral peripheral neurological disturbances causes
fluctuations of the CoG in the horizontal direction14, but other types cause fluctuations of the CoG in the
antero-posterior direction12,15. Equilibrium dysfunction can also occur through psychological stress such as
anxiety16,17, that shows a similar pattern of CoG fluctuation to those with central neurological disturbances18,19,
suggesting that anxiety may affect vestibular neural networks at higher cortical levels.

One possible explanation for the large outbreaks of dizziness after major earthquakes is that psychological
stress caused equilibrium disturbance. However, there remains a plausible hypothesis that the equilibrium
disturbance was caused by repetitive exposure to aftershocks; frequent physical shaking may directly disturb
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the functioning of the semicircular canal system. A preliminary
experimental trial suggested that equilibrium functions potentially
exhibit habituation and adaptation to novel physical surroundings20.
Thus, to examine these potential associations with equilibrium dis-
turbance, we conducted an intergroup trial on postural sway in indi-
viduals repeatedly exposed to aftershocks versus rarely exposed
individuals. Furthermore, we examined the psychological effects of
stress such as anxiety and depression on equilibrium disturbance by
conducting within-group correlation analyses and power spectrum
analyses of postural sway.

Results
Equilibrium dysfunction in the Quake group. We recruited 101
individuals who either resided in Tokyo prefecture and were exposed
to a large number of aftershocks over a four-month period (Quake
group: n 5 52) or resided in Osaka prefecture and were rarely
exposed to aftershocks (Control group: n 5 49), on the grounds
for radiation21 and social22 stresses. We measured several stabilo-
metric parameters of balance (total path length [TPL], rectangular
area [REC-Area], and enveloped area [ENV-Area]), calculated by
detecting the CoG continuously on a force platform. The standard
test battery was conducted for 60 sec under both eyes open (EO) and
eyes closed (EC) conditions under equivalent environments for both
the Quake and Control groups from July 6–15, 2011, approximately
17 weeks after the Tohoku earthquake. We simultaneously admini-
stered several clinical questionnaires including the State-Trait
Anxiety Inventory (STAI-state and -trait)23, the Beck Depression
Inventory (BDI)24, the Impact of Event Scale Revised (IES-R)25,
and the Pittsburgh Sleep Quality Index (PSQI)26 as markers of
psychological stress. We also administered additional question-
naires concerning specific damages (injuries, lost property, or
deaths of family members) caused by the Tohoku earthquake,
complaints of dizziness and headache, and degree of anxiety over
radiation and earthquakes.

Between-group differences are shown in Table 1. None of the
participants in the study were injured, lost property, or lost family
members as a direct result of the earthquake, and none of the parti-
cipants complained of any neurological symptoms, including diz-
ziness. Unpaired two-tailed t tests revealed no significant diffe-
rences in anxiety over radiation (p . 0.20) or earthquakes (p .

0.10) between the groups.
There were significant differences in each of the stabilometric

parameters under the EC condition between the groups (TPL: t99

5 3.091, p 5 0.003; REC-Area: t99 5 2.759, p 5 0.007; ENV-Area: t99

5 3.016, p 5 0.003), but not under the EO condition (all: p . 0.10).
There were no significant differences between the groups in the
clinical assessment inventories (all: p . 0.40). Taken together, a
greater but symptom-limited disturbance of the equilibrium func-
tion in the Quake group was observed compared to the Control
group.

Psychological influences on equilibrium function. There were no
significant correlations between the clinical questionnaires and
the stabilometric parameters under either the EO or EC condition
in the Control group (Pearson’s correlation coefficient, all: p .
0.10). However, there were significant correlations between each
stabilometric parameter and STAI-state (TPL: r 5 0.502, p ,
0.0001; REC-Area: r 5 0.494, p , 0.0001; ENV-Area: r 5 0.495, p
, 0.0001; Fig. 2a–c), STAI-trait (TPL: r 5 0.420, p 5 0.002; REC-
Area: r 5 0.337, p 5 0.008; ENV-Area: r 5 0.352, p 5 0.011; Fig. 2d–
f), and BDI (TPL: r 5 0.364, p 5 0.007; REC-Area: r 5 0.336, p 5
0.015; ENV-Area: r 5 0.352, p 5 0.010; Fig. 2g–i) under the EC
condition in the Quake group (Fig. 2a–i), but not under the EO
condition (all: p . 0.10). There were no significant correlations
between other factors (body-mass index, athletic history, anxiety
over radiation and earthquakes, and subjective sense of sway,) and
any of the stabilometric parameters (all: p . 0.10).

To verify the additional hypothesis that psychological stress may
affect equilibrium function differently according to the intensity of
the stress, we conducted the above statistical analyses for both
higher- and the lower-stress Quake subgroups, as determined by
the median values of each clinical assessment inventory. The
STAI-state (median value 5 46) was correlated with the TPL (r 5

0.495, p 5 0.007; Fig. 3a), REC-Area (r 5 0.431, p 5 0.022; Fig. 3b),
and ENV-Area (r 5 0.514, p 5 0.005; Fig. 3c) in the higher STAI-
state group (n 5 28), although it was not correlated with any of the
stabilometric measurements (all: p . 0.10; Fig. 3a–c) in the lower
STAI-state group (n 5 24). The STAI-trait (median value 5 50) was
correlated with the TPL (r 5 0.436, p 5 0.021; Fig. 3d), but was not
correlated with REC-Area (p . 0.10; Fig. 3e) or ENV-Area (P . 0.05;
Fig. 3f) in the higher STAI-trait group (n 5 28). It also was not
correlated with any of the stabilometric measurements (all: p .

0.05; Fig. 3d–f) in the lower STAI-trait group (n 5 24). The BDI
(median value 5 26) was not correlated with any of the stabilometric
measurements in either the higher (n 5 27, all: p . 0.05; Fig. 3g–i) or
lower (n 5 25, all: p . 0.10; Fig. 3g–i) BDI groups. These results
indicate that individuals with greater anxiety symptoms in the Quake

Figure 1 | Earthquakes. (a) Locations of the epicenter of the Tohoku earthquake, the sampled areas of Tokyo and Osaka, and the most affected

areas of Iwate, Miyagi, and Fukushima. The distances from the epicenter to Tokyo and Osaka are approximately 350 and 700 km, respectively.

The transparent circles indicate the geographic areas within which the members of each group resided. (b) Number of aftershocks per week from

March 11, 2011 to July 6, 2011 in Tokyo (Quake group) and Osaka (Control group) recorded more than Shindo level 2.
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group showed a marked relationship between the severity of anxiety
and equilibrium dysfunction. Greater anxiety, as reflected by STAI-
state scores, was associated with worse equilibrium function in the
Quake group.

Anxiety and inner ear dysfunction. To determine the origin of the
equilibrium dysfunction associated with repetitive exposure to
aftershocks, we conducted a power spectrum analysis on the CoG
using fast Fourier transform. The power was calculated for low-
frequency bands (0.0–0.1 Hz) and high-frequency bands (1.0–
10 Hz) as percentages of the total. We compared the power spectra
of the groups using unpaired t tests and calculated correlation
coefficients between the power spectra and the clinical assessment
inventories. The low-frequency power of the CoG fluctuation in the
antero-posterior direction in the Quake group was significantly
greater than that in the Control group (t99 5 3.01, p 5 0.003,
Fig. 4a) under the EC condition. In contrast, the high-frequency
power of the CoG fluctuation in the antero-posterior direction in
the Quake group was significantly lower than that of the Control
group (t99 5 22.429, p 5 0.017; Fig. 4b). The low-frequency power
of the CoG fluctuation was positively correlated with STAI-state (r 5

0.315, p 5 0.023; Fig. 4c), and the high-frequency power of the CoG
fluctuation was negatively correlated with STAI-state (r 5 20.401, p
5 0.003; Fig. 4d) in the Quake group. However, neither frequency
power was correlated with STAI-state, -trait, or BDI in the Control
group (all: p . 0.10).

Discussion
Although there were no complaints of dizziness and no significant
differences in subjective psychological stress between the residents of
Tokyo and Osaka prefectures, more severe equilibrium dysfunction
was detected in the Quake group, indicating that repetitive exposure

to aftershocks can evoke equilibrium dysfunction 4 months after a
major earthquake.

The low- and high-frequency band powers for the CoG in the
antero-posterior direction were positively and negatively correlated,
respectively, with the current anxiety state as reflected by STAI-state
scores in the Quake group. Specifically, positive correlations between
all stabilometric parameters and the STAI-state score were observed
under the EC condition in the Quake group. Thus, equilibrium dys-
function in the Quake group may also have been affected by psycho-
logical stress due to repetitive exposure to aftershocks. It has been
suggested that vestibular–corticolimbic interaction occurs via two
separate neural pathways at the higher cortical and the medullary
levels19. Anxiety may enhance equilibrium dysfunction both in
healthy subjects15 and in patients with vestibular dysfunctions such
as Ménière disease27 and BPPV28, in which an increase in the high-
frequency band power for CoG has been found, suggesting that
vestibular–corticolimbic interaction could be promoted by the
neural pathway at the higher cortical level. However, equilibrium
dysfunction exhibiting the increase in the low-frequency band power
of the CoG in the Quake group, likely caused by bilateral inner ear
disturbance due to repetitive physical shaking, may have been modu-
lated by vestibular–corticolimbic interaction through the other
neural pathway at the medullary level.

The parabrachial nuclei receive input from the vestibular nuclei as
well as the insular, amygdala, and bed nuclei of the stria terminalis,
which are involved in emotional processing18. In particular, the bed
nuclei of the stria terminalis are involved in longer-lasting emotional
responses such as anxiety29,30. Anxiety is typically integrated with
vestibular information in the corticolimbic area31; however, it may
also be translated by autonomic neurotransmission. Somatic senses
such as startle stimuli often form an autonomic reflex via association
with psychological stress, called a startle response32. Physical shaking

Table 1 | Comparison of Quake with Control groups

Quake (n 5 52) Control (n 5 49)

Average (SEM) Average (SEM) t p

Demographic information
Sex
Female (n) 32 30 - -
Male (n) 20 19 - -
Age 20.88 (0.11) 20.12 (0.05) 1.212 0.228
Body-mass index (kg/m2) 20.27 (0.30) 20.59 (0.32) -0.735 0.464
Athletic history (year) 7.90 (0.71) 7.02 (0.75) 0.857 0.393
Primary victim in the earthquake (n) 0 0 - -
Individual with dizziness (n) 0 0 - -
Psychological distress against disaster
Anxiety over radiation 46.17 (3.87) 40.02 (3.19) 1.219 0.226
Anxiety over earthquake 59.37 (3.39) 51.90 (3.82) 1.460 0.148
Clinical questionnaires
STAI-state 43.85 (1.54) 43.80 (1.11) 0.026 0.979
STAI-trait 47.91 (1.38) 48.14 (1.34) -0.474 0.636
BDI 10.82 (0.91) 10.20 (0.94) 0.475 0.635
IES-R 25.76 (2.28) 24.78 (1.87) 0.131 0.896
PSQI 3.25 (0.27) 3.61 (0.34) -0.841 0.402
Stabilometric measurements
TPL
Eyes open (mm) 428.7 (16.2) 412.2 (26.6) 1.315 0.192
Eyes closed (mm) 599.9 (24.3) 495.8 (23.2) 3.091 0.003
REC-Area
Eyes open (mm2) 521.0 (73.9) 402.3 (49.7) 1.314 0.191
Eyes closed (mm2) 675.9 (58.4) 467.9 (46.8) 2.759 0.007
ENV-Area
Eyes open (mm2) 156.4 (15.3) 137.7 (17.2) 0.813 0.418
Eyes closed (mm2) 217.2 (19.6) 144.3 (13.6) 3.016 0.003

Pearson’s X2 test showed no significant difference in ratio of sex among groups (X2 5 0.001, p 5 0.974). Unpaired t test was used to comparison between groups. Anxiety over radiation and earthquakes
were measured using a visual analogue scale. Results with p values , 0.05 are shown in bold.
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may be associated with autonomic regulation; thus, contextual con-
ditioning may have been formed by repetitive aftershocks experi-
enced by the Quake group individuals. Animal neuroanatomical
findings indicate that the vestibulo–parabrachial pathway, which
reciprocally integrates not only vestibular and corticolimbic but also
autonomic information, is present in the brain stem19. Even consid-
ering that the autonomic center is involved in the reticular formation
of the medulla, humans may also integrate autonomic, vestibular,
and corticolimbic information at the medullary level, potentially
enhancing inner ear disturbance.

Visual information is also combined with vestibular information
at both the higher cortical and brain stem levels33 at the superior
colliculi of the mesencephalon and the tegmentum of the pons, in
which secondary vestibular neurons make synaptic connections with

the oculomotor nuclei and the abducens nuclei, respectively34.
The medial and lateral rectus muscles, which are innervated by the
somatic motor nerves of the oculomotor and the abducens, respect-
ively, rotate the eyes when the head turns35. This visual compen-
sation supporting equilibrium function may arise from an oculoves-
tibular reflex together with a possible neural connection associated
with visuo-vestibular interactions at the higher cortical level36.
Therefore, equilibrium dysfunction is amplified when the eyes are
closed.

The current study has several potential limitations. First, our
results may demonstrate regional differences in the effects of after-
shocks on equilibrium function; however, the cross-sectional study
protocol did not exclude individual differences in evaluating the
specific impacts of this major earthquake on equilibrium function.

Figure 2 | Psychological distress affects equilibrium dysfunction. TPL, REC-Area, and ENV-Area were significantly correlated with STAI-state, -trait,

and BDI only under the EC condition in the Quake group. The STAI-state was strongly correlated with TPL (a), REC-Area (b), and ENV-Area (c).

The STAI-trait also was strongly correlated with TPL (d), REC-Area (e), and ENV-Area (f). The BDI was correlated with TPL (g), REC-Area (h),

and ENV-Area (i). None of the stabilometric measurements in the Control group were significantly correlated with STAI-state, -trait, or BDI. The red

squares with solid regression lines represent the Quake group, and the blue circles with dashed regression lines represent the Control group.
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Second, we were not able to examine direct relationships between the
clinical symptoms of dizziness and equilibrium dysfunction. To
investigate the effects of the earthquake on equilibrium function,
we excluded patients with mental disorders, including those who
had experienced dizziness and/or clinical levels of anxiety, because
dizziness patients may simultaneously have several anxiety symp-
toms as one of the common sequelae of dizziness8. For similar rea-
sons, subjects were included only if their anxiety and depression
symptoms did not reach threshold levels for the respective screening
criteria. Third, because the airborne radiation doses in both regions
were not noticeably different between the period from March 11 to
July 6 in 2011 (Tokyo: average, 0.071 mSv/h; Osaka: 0.043 mSv/h) and
previously (Tokyo: 0.028–0.079 mSv/h; Osaka: 0.042–0.061 mSv/h)

(Ministry of Education, Culture, Sports, Science & Technology in
Japan, 2011: The database of monitoring information of envir-
onmental radioactivity level, http://radioactivity.mext.go.jp/ja/mon-
itoring_by_prefecture/), individual acute doses were not estimated in
the current study. Thus, there is room for further research into the
effects of radiation exposure on equilibrium function. In addition,
although equilibrium function could be influenced by daily activities
and environmental factors such as commuter traffic and fitness
habits, it was difficult to control these lifestyle variables. We were
able to recruit participants from groups that had broadly similar
living environments. Finally, we did not observe significant differ-
ences in psychological effects from the earthquake as measured by
the STAI and BDI. However, it is uncertain whether these inventories

Figure 3 | Differences between higher- and lower-stress members of the Quake group in the relationships between psychological stress and
equilibrium dysfunction under the EC condition. STAI-state was significantly correlated with TPL (a), REC-Area (b), and ENV-Area (c) in higher

scoring individuals; however, it was not correlated with TPL (a), REC-Area (b), or ENV-Area (c) in lower scoring individuals. STAI-trait was significantly

correlated with TPL (d), but was not correlated with REC-Area (e) or ENV-Area (f) in higher scoring individuals. In the lower scoring subgroup, STAI-

trait was not correlated with any stabilometric measurement (d, TPL; e, REC-Area; f, ENV-Area). The BDI was not correlated with any stabilometric

measurement for either higher scoring individuals (g, TPL; h, REC-Area; i, ENV-Area) or lower scoring individuals (g, TPL; h, REC-Area; i, ENV-Area).

The purple diamonds with dashed regression lines represent the lower group, and the pink triangles with solid regression lines represent the higher group.
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are able to specifically evaluate post-earthquake effects. Further
research on the nature of post-disaster psychological suffering would
be valuable.

We have provided evidence that repetitive exposure to earth-
quakes causes dysfunction in the inner ear. In addition, the current
study indicates potential effects of autonomic stress on equilibrium
function. Equilibrium dysfunction caused by earthquakes may be
affected by physical invasion and automatic stress, as well as inter-
actions between them, through vestibular neural integration. The
present results contribute to risk management of mental and physical
health after major earthquakes with aftershocks, and may allow
development of a new empirical approach to disaster care during
and after such events. Medical treatment for equilibrium dysfunction
such as a rehabilitation of balance control37 and pharmacological
treatment for vestibular dysfunction38 could alleviate psychological
distress, including anxiety symptoms of earthquake victims, without
direct psychological support. Disaster victims often prefer not to
discuss post-disaster trauma, but may be willing to seek treatment
for their physical symptoms. Medical approaches to equilibrium
dysfunction may be helpful for earthquake disaster victims, although
further trials are needed.

Methods
Participants. We recruited 101 university students who had no history of drug or
alcohol abuse or neurological, ophthalmological, or psychiatric disorders. The 52
members of the Quake group were exposed to a large number of aftershocks over a

four-month period and the 49 members of the Control group were rarely exposed to
aftershocks were attending private universities in Tokyo and Osaka, respectively,
which have similar living environments. The members of each group had a similar
average commuting distance to school (Quake: mean 15.5 6 1.2 km; Control: mean
16.8 6 1.8 km). These similarities provided a degree of control for two possible
influences, radioactive exposure from the devastated Fukushima nuclear power
station21 and an urban lifestyle that affects social stress processing22. We conducted
the examinations on July 6–15, 2011 approximately 17 weeks after the Tohoku
earthquake. Based on a survey, all participants had resided within their local area
since the earthquake on March 11, 2011. During the examinations, no aftershocks
were recorded by the Shindo database. The experimental procedure was in
accordance with the Declaration of Helsinki and was approved by the local Research
Ethics Committees in Kinki University and Rikkyo University. Written informed
consent was obtained from all participants prior to the study.

Experimental procedures. The experimental conditions in the laboratories for both
groups were equalized with respect to the slope angle of the floor (, 0.05u in the right-
left and antero-posterior directions), noise level (, 20 dB), temperature (average:
25.2 degree, SEM: 0.18), humidity (42.4%, 0.64), and illuminance (407 lux, 8.8).
Stabilometer was performed using a computerized force platform according to a
standard protocol for clinical examination of equilibrium function (UM-BAR2; Hu-
Tech Co., Ltd, Tokyo, Japan). The stabilometer is equipped with two vertical force
transducers to determine instantaneous fluctuations in the CoG, and samples
fluctuations in the CoG at a frequency of 60 Hz. Subjects stood erect on the
stabilometer with feet together while gazing at a fixation point 150 cm distant in a
horizontal direction from the subject’s eyes. All subjects were tested in three trials for
60 sec each under eyes open (EO) and eyes closed (EC) conditions alternately and
successively. The postural sway was represented as an x (right-left) – y (antero-
posterior) curve in the total path length (TPL), rectangular area (REC-Area), and
enveloped area (ENV-Area) of the CoG. TPL represents the amount of CoG
displacement per unit time. TPL was calculated using equation 1. ENV-Area, which is

Figure 4 | Anxiety is associated with peripheral vestibular dysfunction. The power spectra for CoG fluctuations were divided into low- and high-

frequency bands along the antero-posterior axis under the EC condition. (a) The percent CoG fluctuation in the low-frequency band in the Quake group

was significantly greater than that in the Control group. (b) The percent CoG fluctuation in the high-frequency band in the Quake group was significantly

lower than that in the Control group. (c) The percent CoG fluctuation in the low-frequency band was positively correlated with STAI-state. (d) The

percent CoG fluctuation in the high-frequency band was negatively correlated with STAI-state. The power spectra for CoG fluctuations in both the low-

and high-frequency bands for the Control group were not correlated with STAI-state. The red bars and red squares with solid regression lines represent the

Quake group, and the blue bars and blue circles with dashed regression lines represent the Control group. Error bars indicate SEM.
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defined as the internal area enclosed by the outermost path of CoG displacement,
represents the ability to minimize the movement of the CoG. The origin was
established at the means of the x- and y-axes, and the circumference was divided into
120 equal parts (each 3u). In each subdivided area, an application point was defined at
the maximum radius (R) from the origin. Triangular areas were calculated using the
origin and two adjacent application points. The ENV-Area was calculated by
integrating all of the triangular areas using equation 2. REC-Area is another
parameter representing the ability to minimize movement of the CoG. This
parameter is more sensitive to sudden and large postural sways than ENV-Area. REC-
area is the internal area defined by a precisely calibrated rectangular area representing
the maximum amplitude of CoG displacement in the x and y coordinates of the
statokinesigram. REC-Area was calculated using equation 3.

TPL~

ðT
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dx
dt

� �2

z
dy
dt

� �2
( )

dt

vuut ð1Þ

ENV{Area~
X120

i{1

Ri
:Riz1

: sin h=2 ð2Þ

REC{Area~ Xmax{Xminð Þ: Ymax{Yminð Þ ð3Þ

We defined the low- and high-frequency bands for the CoG in both the horizontal
and antero-posterior direction as 0–0.1 Hz and 1.0–10.0 Hz, respectively, based on
previously reported protocols12–15, even for those bands that varied among low- (,
0.05–1.0 Hz) and high-frequency (. 1.0–3.0 Hz) band power windows. The power
spectrum was calculated as a percentage of the total.

Clinical assessments. We simultaneously administered several clinical
questionnaires including the State-Trait Anxiety Inventory (STAI-state and -trait)23,
the Beck Depression Inventory (BDI)24, the Impact of Event Scale Revised (IES-R)25,
and the Pittsburgh Sleep Quality Index (PSQI)26 as markers of psychological stress.
The STAI separately measures state anxiety and trait anxiety. The STAI separately
measures state anxiety, which reflects the transitory emotional state or condition of
the subject characterized by subjective, consciously perceived feelings of tension and
apprehension, and trait anxiety, which reflects relatively stable individual differences
in anxiety proneness and refers to a general tendency to respond with anxiety to
perceived threats in the environment. Both the state and trait sections of this
questionnaire comprise 20 questions, with total scores on each section ranging from
20 to 80. STAI-state scores of $ 51 and STAI-trait scores of $ 55 suggest diagnoses of
anxiety disorder and pathological vulnerability to threat as a personality trait. The
BDI is a series of questions developed to measure the intensity, severity, and depth of
depression in patients with psychiatric diagnoses. It consists of 21 items measuring
symptoms of depression, such as pessimism, sense of failure, guilt, self-dislike,
suicidal ideas, insomnia, and weight loss. The total score is calculated as the sum of all
items and ranges from 0 to 63 (0–10: normal, 11–16: mild mood disturbance, 17–20:
borderline clinical depression, 20–30: moderate depression, 31–40: severe depression,
.40: extreme depression). The IES-R has 22 questions, 5 of which were added to the
original Horowitz IES to heighten the concordance rate for diagnosis of post-
traumatic stress disorder (PTSD). The tool is an appropriate instrument for
measuring the subjective response to a specific traumatic event in adults, particularly
for the response sets of intrusion, avoidance, and hyperarousal. The total score ranges
from 0 to 88 (score $ 24: partial PTSD or at least some of the symptoms, score 33: the
best cut-off score for a probable diagnosis of PTSD). The PSQI is a self-rated
questionnaire that assesses sleep quality and disturbance over a 1-month interval. The
PSQI consists of seven components: subjective sleep quality, sleep latency, sleep
duration, habitual sleep efficiency, sleep disturbance, use of sleep medication, and
daytime dysfunction. The sum of the scores for these seven components ranges from 0
to 21. A total score of $ 5 indicates pathologically poor sleep. We also administered
additional questionnaires concerning specific damages (injuries, lost property, or
deaths of family members) caused by the Tohoku earthquake, complaints of dizziness
and headache. The add-on questionnaires concerning specific damages from the
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