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ABSTRACT

Introduction: Fibromyalgia (FM) is a chronic
pain condition characterized by impaired emo-
tional regulation. This study explored the brain
response to pain-related fear as a potential brain
signature of FM.

Methods: We used a conditioned fear task and
magnetoencephalography to record pain-re-
lated fear responses in patients with FM. Two
blocks of 30 fear responses were collected to
compute the response strength in the first block
and the strength difference between the first
and second blocks (fear habituation). These
measurements were investigated for their clini-
cal relevance and compared with measurements
obtained from healthy controls and patients
with chronic migraine (CM), a different chronic
pain condition often comorbid with FM.
Results: Pain-related fear clearly activated the
bilateral amygdala and anterior insula in
patients with FM (n = 52), patients with CM
(n = 50), and the controls (n = 30); the response
strength in the first block was consistent across
groups. However, fear habituation in the right
amygdala decreased in the FM group (vs. CM
and control groups, both p B 0.001, no differ-
ence between CM and control groups). At the
3-month follow-up, the patients with FM
reporting\30% improvement in pain severity
(n = 15) after pregabalin treatment exhibited
lower fear habituation in the left amygdala at
baseline (vs. C 30% improvement, n = 22,
p = 0.019). Receiver operating characteristic
analysis confirmed that amygdala fear habitua-
tion is a suitable predictor of diagnosis and
treatment outcomes of FM (area under the
curve[0.7).
Conclusions: Amygdala activation to pain-re-
lated fear is maladaptive and linked to
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treatment outcomes in patients with FM.
Because the aberrant amygdala response was
not observed in the CM group, this response is a
potential brain signature of FM.
Trial Registration: ClinicalTrials.gov Identifier,
NCT02747940.

Keywords: Amygdala; Chronic migraine;
Fibromyalgia; Habituation; Magnetoencephalog-
raphy; Pain-related fear; Pregabalin

Key Summary Points

Fibromyalgia (FM) is a disabling idiopathic
chronic pain condition characterized by
emotional dysregulation; however, few
studies have explored the functional
changes of the limbic system or neural
substrates of emotional processing in
patients with FM.

Innovative methods involving
magnetoencephalography and a
conditioned fear task were used to obtain
direct neural activity from the amygdala
to advance current understanding of pain-
related fear in FM and chronic migraine
(CM); response to pregabalin treatment in
patients with FM was followed to verify
the amygdala fear response as a potential
brain signature for FM diagnosis and
prognosis.

Pain-related fear clearly activated the
bilateral amygdala and anterior insula in
patients with FM, those with CM, and
controls. Notably, fear habituation in the
right amygdala decreased in the patients
with FM (vs. those with CM and controls);
no difference was detected between the
patients with CM and controls.

After 3 months of pregabalin treatment,
the patients with FM patients who
reported C 30% improvement in pain
severity exhibited a higher degree of fear
habituation in the left amygdala relative
to those who reported\30% pain
improvement.

Receiver operating characteristic analysis
confirmed that amygdala fear habituation
is a suitable predictor of diagnosis and
treatment outcomes of FM.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features
for this article go to https://doi.org/10.6084/
m9.figshare.13033109.

INTRODUCTION

Fibromyalgia (FM) is a common chronic pain
disorder of the central nervous system with an
estimated prevalence of 2% in the general
population [1]. FM is characterized by abnormal
nociceptive sensory processing and the inability
to modulate pain effectively; therefore, it results
in chronic widespread musculoskeletal pain and
clinical symptoms of centralized pain, includ-
ing headache, fatigue, sleep disturbance, cog-
nitive dysfunction, and depression [2]. To date,
a biomarker for FM has not yet been identified.
Therefore, FM diagnosis depends on clinical
assessments and questionnaires.

Although FM pathophysiology remains elu-
sive, a peripheral nerve component as well as
cytokine and nerve growth factor involvement
have been explored [3]. Psychological compo-
nents such as stress can augment pain. Thus,
several studies have highlighted the role of
impaired emotional regulation in FM, particu-
larly that of pain-related fear [4–6]. Clinically,
pain-related fear is a risk factor for chronic pain
development and persistence and a proposed
target for interventive treatment [7]. In patients
with FM, pain-related fear and resultant emo-
tional distress may further affect disease sever-
ity, functional disability, pain threshold, and
pain tolerance [8]. Similarly, the neural circuitry
associated with emotional regulation, namely
the limbic system, has also exhibited structural
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and functional changes in neuroimaging stud-
ies on FM [9–12]. Specifically, magnetic reso-
nance imaging (MRI) and functional MRI (fMRI)
have been used to gather evidence of changes in
brain morphology (white and gray matter) and
activity in patients with FM [13]. Moreover,
symptoms of FM include sleep disturbance and
emotional dysregulation, and amygdala activity
is a key factor regulating both sleep and emo-
tion [14]. Patients with FM have exhibited
altered limbic functionality as well as reduc-
tions in gray matter volume within the amyg-
dala in neural activity and connectivity studies
[13, 15, 16]. Regarding prognosis, pregabalin
can reduce chronic pain intensity as well as
glutamatergic and neuronal activity within the
posterior insula of patients with FM [17].

Fear conditioning is a standard paradigm for
revealing the neural processing of pain-related
fear [18]. In patients with chronic pain, fear
conditioning induces emotion-related behav-
ioral changes, such as impaired perceptual dis-
crimination [19] and augmented fear
generalization [4]. Patients with FM have been
reported to show slower fear acquisition in a
predictable context and faster fear acquisition
in an unpredictable context [4] as well as a lar-
ger degree of change in heart rate [6], all com-
pared with these factors in controls. However,
the neural substrates, response patterns, patho-
physiological links, and clinical relevance of
aberrant emotional regulation in patients with
FM remain unknown. Positron emission
tomography (PET) and fMRI studies in healthy
volunteers have indicated that the main brain
regions mediating the learning and extinction
of pain-related fear are the amygdala [20–22],
anterior insula [23–25], and anterior cingulate
cortex (ACC) [26]. These three areas involved in
emotional regulation have exhibited neuro-
plastic changes in patients with various types of
chronic pain [27–30]. Whether neural responses
underpinning pain-related fear exhibit identical
spatiotemporal patterns across different types of
chronic pain remains unresolved.

Notably, studies have investigated sensory
processing in FM through somatosensory or
auditory stimulation and have demonstrated
that sensory habituation, which is a reduction
in response to repeated stimuli, was reduced in

the central neuropathology of chronic pain
[31–33]. Although emotional regulation plays a
central role in FM, the neural associations of
pain-related fear habituation (i.e., the suppres-
sion of affective pain responses) have not yet
been investigated. Therefore, by using an
advanced neuroimaging technique with fine
temporal and spatial resolution, this study first
examined the dynamic neural activities under-
lying pain-related fear processing and hypoth-
esized that FM is associated with aberrant brain
habituation of pain-related fear. This associa-
tion may be linked to the clinical profiles of FM.
The present study used magnetoencephalogra-
phy (MEG) to record neural responses to a
conditioned fear acquisition task and the
dynamic and temporospatial activation of neu-
ral substrates underpinning pain-related fear.
Compared with conventional scalp electroen-
cephalography, MEG exhibits superior localiza-
tion and measurement of brain activities in the
cortical as well as subcortical regions. Moreover,
MEG outperforms fMRI in studies of temporal
fluctuation in brain activity because of its high
temporal resolution [34]. In addition, here, we
enrolled patients with chronic migraine (CM), a
different chronic pain condition, to explore
whether the aberrant brain processing of pain-
related fear is a distinct feature of FM or com-
mon across chronic pain disorders. We selected
CM because it is a common comorbidity with
FM, and the two chronic pain disorders have
similar pathophysiology, disease severity, and
prevalence in the general population [35–37].

The specific aims of the current study were to
(a) characterize the dynamic brain activation of
pain-related fear responses in patients with FM
and compare activation and habituation pat-
terns with those of healthy controls and
patients with CM; (b) investigate the associa-
tion of pain-related fear responses with the
clinical profile of FM, including pain severity,
emotion, stress, functional disability, and
treatment outcome; and (c) explore the predic-
tive value of pain-related fear response in FM
diagnosis and treatment outcomes.
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METHODS

Participants

Patients with FM aged 20–60 years were enrol-
led consecutively from the Neurological Insti-
tute of Taipei Veterans General Hospital. All
enrolled patients fulfilled the modified 2010
American College of Rheumatology diagnostic
criteria for FM [2]. For data comparison, age-
and sex-matched patients with CM and healthy
controls were recruited. CM diagnoses met the
International Classification of Headache Disor-
ders-III criteria, beta version (code 1.3) [38].
Patients who met the criteria for both FM and
CM were assigned to the FM group for simplic-
ity because FM is a polysymptomatic syndrome
and is often comorbid with migraine [1]. The
control group did not have medical or family
histories of FM or migraine. All participants
denied having histories of systemic or major
neuropsychiatric diseases. Participants who
used any medication or hormone therapy on a
daily basis were excluded. This study conformed
to the Helsinki Declaration of 1964, as revised
in 2013. The hospital’s institutional review
board approved the study protocol (VGHTPE:
IRB 2015-10-001BC), and all participants pro-
vided written informed consent. This study was
registered on ClinicalTrials.gov (Identifier:
NCT02747940).

Study Design

All patients with FM and CM completed a
semistructured questionnaire for demographic
information and FM and headache profiles
during their first visit. Specifically, the FM pro-
file included the distribution (widespread pain
index) [2], intensity (0–10 on a numerical rating
scale [NRS]), and duration (years) of bodily pain
and accompanying somatic or psychiatric
symptoms (symptom severity scale) [2]. In
addition, the revised Fibromyalgia Impact
Questionnaire (FIQR) was administered to assess
functional disability associated with FM. Nota-
bly, all participants were assessed for anxiety
and depression by using the Hospital Anxiety
and Depression Scale (HADS), and the degree to

which the participants appraised situations in
their lives as stressful on the Perceived Stress
Scale (PSS).

After enrollment, all patients were asked to
maintain a diary to record their bodily pain
(daily average severity on NRS, 0–10) or head-
ache attacks (e.g., onset, intensity, duration,
features, associated symptoms, and medication
use). All participants underwent scheduled MEG
recordings for the conditioned fear acquisition
task (detailed in the subsequent section) and
were instructed not to use any analgesics or
other medications within 3 days before the
recordings.

After MEG recording, all patients with FM
were treated with 75 mg pregabalin. They
maintained a diary of bodily pain severity for
3 months. The pregabalin dose was titrated up
to 150 mg if patients reported no adverse effects
and no improvement in bodily pain. At the
3-month follow-up, each patient with FM was
allocated to the good or poor outcome group on
the basis of their bodily pain severity (0–10,
monthly averaged pain scores recorded in dia-
ries) at baseline versus the third month of
treatment. A good outcome was defined as a
C 30% reduction in bodily pain, whereas a
reduction in pain of\30% was regarded as a
poor outcome.

Conditioned Fear Acquisition Task

The acquisition phase of the fear conditioning
paradigm used in the present study is illustrated
in Fig. 1. The conditioned stimulus (CS) was a
visual symbol of lightning (displayed for
200 ms), whereas the unconditioned (aversive)
stimulus (UCS) was a moderately painful elec-
trical shock (rated 5–6/10 on the NRS before the
study) on the skin of the left lower leg delivered
by a concentric electrode with a 0.2-ms con-
stant-current square wave. Half of the CSs were
immediately paired with UCS (paired CSs), and
the other half were presented alone (unpaired
CSs). Furthermore, to ensure participants’ vigi-
lance during the recording, a visual symbol of
the sun (displayed for 200 ms) was presented.
All participants were asked to report the number
of sun symbols at the end of each recording
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session. Participants who reported a difference
of[ 2 in the number of sun symbols presented
were excluded from further analysis. In each
recording session, paired CSs (probability, 45%),
unpaired CSs (probability, 45%), and sun sym-
bols (probability, 10%) were presented ran-
domly, and the time interval between
conditions was maintained at approximately
5.5–6.5 s.

MEG Recordings

The present study used a whole-scalp
306-channel neuromagnetometer (Vectorview;
Elekta Neuromag, Helsinki, Finland) comprising
102 identical triple-sensor elements to record
brain activity in all participants. Each sensor
element consisted of one magnetometer and
two orthogonal planar gradiometers. Four coils
were placed on each participant’s scalp, and
their positions on the head coordinate frame
specified by the nasion and the two preauricular
points were measured using a three-dimen-
sional digitizer with Cartesian coordinates.
Moreover, approximately 50 additional scalp
points were digitized. These landmarks and
points on the head allowed for further registra-
tion of MEG and MRI coordinate systems. One
pair of electrodes was positioned and taped
across each participant’s chest to capture syn-
chronized electrocardiography with the MEG
recording. Two electrodes were attached above

and below one eye for electrooculography.
During recordings, participants sat comfortably
with the head supported against the helmet of
the neuromagnetometer.

The signal digitization rate was 600 Hz.
Moreover, the epoch length was 800 ms and
included a prestimulus baseline 300 ms long,
after which the CS onset occurred at 0 ms. At
least 60 artifact-free epochs for both conditions
(CS and UCS) were collected and subaveraged
into first (epochs 1–30) and second (epochs
31–60) blocks. Epochs contaminated with
prominent electrocardiogram signals, elec-
trooculogram signals ([300 lV), and MEG
artifacts ([ 3000 fT/cm) were automatically
excluded from further analysis.

MEG Data Analysis

The present study analyzed only the 60 epochs
of responses obtained from the UCSs to study
the pain-anticipation fear process. Responses to
paired CS stimuli were not analyzed because of
interference from bottom-up nociceptive sen-
sory processing and contamination of electrical
artifacts from electrical stimulation.

During responses to UCSs, distributed source
activities of MEG signals recorded from the
entire head surface were estimated using depth-
weighted minimum norm estimates (MNEs)
[39–41], which accurately resolve source local-
izations even for the activities of deep

Fig. 1 Conditioned fear acquisition task in the present study
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generators [42, 43]. The neural dynamics of
cortical and subcortical sources were calculated
using a deep brain model that defines neural
generators according to anatomical and elec-
trophysiological priors for neocortex and sub-
cortical structures [43]. The distributed source
analysis of MEG data has two main steps.

First, the deep brain activity model was
developed from the individual MRI-derived
brain model to describe the signal pattern gen-
erated by a unit dipole, which realistically dis-
tributes current dipoles over the neocortex and
subcortical structures [43]. Individual brain MRI
images were acquired using a 3 T MR system
(Siemens MAGNETOM Tim Trio) with the fol-
lowing parameters: repetition time, 9.4 ms;
echo time, 4 ms; recording matrix, 256 9 256
pixels; field of view, 256 mm; and slice thick-
ness, 1 mm. The shapes of surfaces separating
the scalp, skull, and brain compartments were
determined from T1-weighted anatomical MRI
data by using FreeSurfer 5.0 (https://surfer.nmr.
mgh.harvard.edu/), which was also used for the
subcortical segmentation of a brain volume
(Aseg atlas). This model explains how an electric
current flowing in the brain is recorded at the
sensor level with reasonable accuracy.
Anatomical MRI, reconstructed cortical surface,
and subcortical volume were subsequently co-
registered with the corresponding MEG dataset.

Second, the inverse operator of MNE analysis
was used to estimate the distribution of current
sources that account for data recorded at the
sensors. Data analysis for this part was per-
formed using Brainstorm [44], which has been
partly described in our previous studies [40, 41]
and is summarized as follows: (a) the source
orientations were constrained to be normal to
surface regions (such as the cortex and hip-
pocampus) but unconstrained to volume
regions (such as the amygdala), (b) a depth
weighting algorithm was used to compensate
for any bias affecting the superficial source cal-
culation, and (c) a regularization parameter of
k2 = 0.33 was used to minimize numerical
instability, reduce the sensitivity of the MNE to
noise, and obtain a spatially smoothed solution
[42]. A noise covariance matrix was computed
from 3-min empty-room recordings obtained
before the tests.

The aforementioned MNE method resulted
in distributed and dynamic brain activation
maps that could be overlaid onto the recon-
structed surface and volume for each partici-
pant. The regions of interest (ROIs), including
the bilateral anterior insula, ACC, and amyg-
dala, were selected from the Mindboggle and
Aseg atlases. The activation dynamics of con-
strained cortical sources in the anterior insula
and ACC were obtained from the averaged
current density of each node within the area; in
the amygdala, the norm of the vector resulting
from unconstrained trihedral sources was com-
puted at each volume grid. The mean time
course of amygdala activity was then obtained
by averaging all vector norms in the amygdala
volume separately for the left and right amyg-
dala. To increase the signal-to-noise ratio of the
MNE maps, the time-resolved amplitude of each
ROI was normalized to its baseline fluctuations,
which were those measured from - 300
to - 100 ms. The z scores derived from this
normalization represented the number of stan-
dard deviations with respect to baseline activity.

On the basis of the aforementioned compu-
tation of activation strength, this study
obtained two MEGmeasures associated with the
fear conditioning paradigm: (a) fear condition-
ing response strength, defined as the activation
strength averaged from the first block of 30
epochs (hereafter, fear conditioning response)
and (b) fear habituation, defined as the differ-
ence between the first and second blocks of 30
epochs (i.e., first-block activation
strength - second-block activation strength).
Fear habituation is a normal physiological
phenomenon reflecting the suppression or
habituation of the fear conditioning response in
long-term stimulus repetition [18].

Statistical Analysis

Demographic information, clinical profiles, and
MEG measures (strength of activation and
degree of habituation) were compared between
participant groups in an analysis of variance. A
general linear model was used to examine the
confounding effects of covariates (age, sex, and
HADS) if necessary. To determine the effect of
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baseline activities on the calculation of z score
amplitudes, the activation strength (without
z transformation) at - 300 to - 100 ms was
examined for the factor of participant groups.
Pearson’s correlation was used to determine the
clinical correlation of MEG measures in the FM
and CM groups. Moreover, MEG measures were
compared for the patients with FM who repor-
ted good and poor treatment outcomes. Finally,
MEG measures that indicated group differences
in the post hoc analysis were analyzed for their
diagnostic (FM vs. CM vs. controls) and prog-
nostic (good vs. poor FM treatment outcome)
value in a logistic regression model (adjusted for
age and sex) and a receiver operating charac-
teristic (ROC) curve. Throughout the study,
Bonferroni correction was used for multiple
comparisons, and p\ 0.05 was considered sta-
tistically significant.

RESULTS

Demographics and Clinical Profiles

This study included 132 participants (52 with
FM, 50 with CM, and 30 controls). Age and sex
did not differ among the three participant
groups. However, differences were observed
among groups in terms of anxiety (HADS-A),
depression (HADS-D), and total HADS and PSS
scores (all p\ 0.01, Table 1). These scores were
higher in the FM group than they were in the
CM (all p\ 0.05) and control (all p\ 0.001)
groups in the post hoc analysis.

All 52 patients with FM were treated with
75–150 mg of pregabalin, except for seven who
reported intolerable adverse effects of the med-
ication, mainly dizziness. Of the 45 patients
with FM who received pregabalin treatment, 37
(82%) were successfully followed up after
3 months. Of them (n = 37), 22 were allocated
to the good outcome group because they
reported a[30% reduction in their bodily pain
severity; the remaining 15 were allocated to the
poor outcome group.

Comparison of Fear Response Strength
Between Participant Groups

Dynamic brain activation during fear responses
to UCSs is illustrated in Fig. 2 (healthy control
#2 provided as an example). The visual light-
ning symbol elicited visual cortical activity that
peaked at approximately 80 ms and subsequent
activation of the inferior and lateral temporal
and posterior parietal areas that peaked at
80–150 ms. In addition, fear conditioning acti-
vated the bilateral insula and amygdala, which
peaked at 150–200 ms. Notably, no discernible
activation was observed from the ACC.

Table 1 Demographics and clinical profiles (mean ± SD)

Subject groups

Fibromyalgia
(n = 52)

Chronic
migraine
(n = 50)

Healthy
controls
(n = 30)

Age 40.2 ± 11.7 40.

2 ± 12.3

40.6 ± 8.5

Gender 49 F/3 M 46 F/4 M 25 F/5 M

HADS* 19.4 ± 6.7 14.7 ± 7.6 5.9 ± 4.4

HADS-

A*

10.9 ± 3.8 8.3 ± 4.5 2.8 ± 2.0

HADS-

D*

8.5 ± 3.8 6.4 ± 4.0 3.1 ± 2.7

PSS* 28.6 ± 7.7 23.9 ± 8.2 16.7 ± 6.9

Fibromyalgia profiles

Number of

tender

points

12.8 ± 4.7

WPI 9.2 ± 4.3

SSS 7.6 ± 2.1

FIQR 42.7 ± 16.8

HADS hospital anxiety (A) and depression (D) scale, PSS
perceived stress scale, WPI widespread pain index, SSS
symptom severity scale, FIQR revised fibromyalgia impact
questionnaire
*Corrected p\ 0.05
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Dynamic brain activation for the group-av-
eraged fear responses of the three participant
groups in the three ROIs are shown in Fig. 3.
Clear responses were observed in the bilateral
amygdala (Fig. 3a) and anterior insula (Fig. 3b)
but not in the ACC (Fig. 3c). Because the control
group exhibited clear activation in the left
(152–195 ms) and right (142–208 ms) amygdala
and the left (155–197 ms) and right
(152–202 ms) anterior insula; thus, the time
window for fear response extraction for further
group comparison was determined to be
150–200 ms. Most activations of the amygdala
and anterior insula observed in the FM and CM
groups also peaked within this time window.
Therefore, the average z score in this time win-
dow was regarded as the activation strength of
the conditioned fear acquisition. Further com-
parisons of fear response strength did not reveal
any group differences within this time window
(FM vs. CM vs. controls, Fig. 3d, e) in the

bilateral amygdala and anterior insula; simi-
larly, no differences were observed between the
groups in terms of activation strength (without
z transformation) in the baseline period.

Comparison of Fear Habituation Among
Participant Groups

Fear habituation was computed as the differ-
ence between first- and second-block condi-
tioning responses in the bilateral amygdala
(Fig. 4a) and anterior insula (Fig. 4b). The degree
of fear habituation differed among the three
participant groups in the right amygdala [F(2,
129) = 10.6, p\0.001] but not in the left
amygdala [F(2, 129) = 2.1, p = 0.12]. In the post
hoc analysis, fear habituation in the right
amygdala was smaller in the patients with FM
than in the patients with CM (p = 0.001) and
the controls (p\ 0.001). This group difference
was further confirmed in a general linear model

Fig. 2 Dynamic brain activation of fear responses in one
participant (healthy control #2). Brain activation at - 300
to 500 ms was mapped onto the individual’s MRI images
(two axial views and one sagittal view) to observe cortical
and subcortical neural responses to pain-related fear. In
response to UCSs, cortical activity peaked in the visual
cortex at approximately 80 ms, followed by clear activation

in the inferior and lateral temporal and posterior parietal
areas at 80–150 ms. Subsequently, activation of the
bilateral insula and amygdala peaked at 150–200 ms and
ended at 200–250 ms. No clear activation was observed
over the ACC in the corresponding time interval. The
amplitudes of underlying neural activity were converted to
z scores and color coded
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after adjustments for age, sex, anxiety, and
depression (total HADS scores) [F(2, 129) = 6.1,
p = 0.003]. Furthermore, fear habituation in the
bilateral anterior insula differed among groups
[right: F(2, 129) = 4.0, p = 0.020; left: F(2,
129) = 6.3, p = 0.002]. The post hoc analysis
revealed a smaller habituation in the FM group
than in the controls in the right (p = 0.022) and
left (p = 0.002) anterior insula. However, no
difference was observed after adjustments for
anxiety and depression levels (all p[ 0.05). No

difference was observed between the CM and
control groups in terms of fear habituation.

Comparison Between Outcome Groups
in Patients With FM

At the 3-month follow-up, patients with FM
who reported good (n = 22) and poor (n = 15)
outcomes differed in terms of fear habituation
in the left amygdala at baseline [good:
0.649 ± 0.302, poor: - 0.576 ± 0.41; F(1,
67) = 6.05, p = 0.019; Fig. 5]. No difference was

Fig. 3 Grand-averaged dynamics of fear responses (first
block) within the time window from - 300 to 500 ms in
the bilateral a amygdala, b anterior insula, and c ACC
obtained from healthy controls, patients with FM, and
patients with CM. The gray shading represents the

standard error of fear response activity. No discernible
activation occurred in the ACC. Fear response strength
was compared across participant groups in the bilateral
d amygdala, e anterior insula, and f ACC. n.s.
nonsignificant

Pain Ther



observed between the two outcome groups
(good vs. poor) for fear habituation in other
regions or for fear response strength in any
region (all p[0.05). In addition, the clinical
profiles of FM at baseline (number of tender
points, widespread pain index, symptom sever-
ity scale score, and FIQR score) did not differ
between these outcome groups.

Clinical Relevance

In patients with FM, fear response strength was
negatively correlated with PSS scores in the
bilateral amygdala (left: r = - 0.472, p\ 0.001;
right: r = - 0.413, p = 0.002) but not in the

bilateral anterior insula (all p[0.05). Moreover,
fear response strength in the right anterior
insula was associated with FIQR scores (r = 0.44,
p = 0.002). In healthy controls and patients
with CM, no such correlations were observed.

Fear habituation was not correlated with any
score or clinical parameter at baseline in any of
the participant groups (all p[0.05). However,
in the right amygdala, fear habituation could
predict FM diagnosis in a logistic regression
model after adjustments for age and sex [FM vs.
control: odds ratio (OR), 2.67 (95% CI
1.58–4.51), p\ 0.001; FM vs. non-FM (CM and
controls): OR 1.94 (95% CI 1.38–2.73),
p\0.001]. The area under the ROC curve

Fig. 4 Grand-averaged dynamics of fear responses (blue,
first block; red, second block) in the bilateral a amygdala
and b anterior insula obtained from healthy controls
(HC), patients with FM, and patients with CM. The
reduction in fear response strength from the first to the

second block was computed as fear habituation and
compared between participant groups in the bilateral
c amygdala and d anterior insula. *Corrected p\ 0.05;
**corrected p\ 0.01; ***corrected p\ 0.001
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(AUC) was 0.765 for the FM group versus the
controls (95% CI 0.663–0.868) and 0.704 for the
FM groups versus the non-FM groups (95% CI
0.614–0.794), indicating good discrimination.
In the left amygdala, a similar logistic region
model confirmed the predictive value of fear
habituation in FM prognosis [good vs. poor
treatment outcome; OR 1.9 (95% CI 1.03–3.49),
p = 0.04]. The AUC for left amygdala habitua-
tion in differentiating between good and poor
outcomes of FM was 0.733 (95% CI 0.563–0.9),
also indicating good discrimination (Fig. 6).

DISCUSSION

This MEG study used a conditioned fear acqui-
sition task to activate the bilateral amygdala
and anterior insula in patients with FM, patients
with CM, and healthy controls. Fear responses
(in the first block) in these brain regions did not
differ in strength among the participant groups.
However, fear habituation (the reduction of fear
response strength between the first and second
blocks) in the right amygdala was reduced and
predicted FM diagnosis in the FM group (vs. CM

group and controls). Moreover, a reduced fear
habituation in the left amygdala was predictive
of poor response to pregabalin treatment in
patients with FM. Patients with CM did not
differ from controls in any measurement of fear
response except for reduced habituation in the
left insula, and this difference was nonsignifi-
cant after adjustments for anxiety and
depression.

Consistent with previous neuroimaging
studies [20–25], the present study demonstrated
clear activation in the bilateral amygdala and
anterior insula in response to the conditioned
fear acquisition task. In the fear conditioning
task, the CS induced the aversive properties of
the UCS (painful electrical shock); even when
subsequently presented alone, the CS elicited a
fear response without actual afferent nocicep-
tion. The activation of the amygdala and ante-
rior insula peaked 150–200 ms after CS onset,
indicating that fear response involves rapid and
synchronized cortical and subcortical activation
[45, 46]. The anterior cingulate has been clearly
activated in the conditioned fear tasks of pre-
vious PET and MRI studies [21–23, 25, 26] but
not in the present study. This difference may be

Fig. 5 Comparison of fear habituation in the bilateral amygdala and anterior insula between patients with FM reporting
good and poor treatment outcomes
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attributable to methodological variation
because the aforementioned PET and MRI
studies have obtained fear responses by using
aversive stimuli. By contrast, the amygdala
activities analyzed in the present study without
the elicitation of aversive stimuli. Furthermore,
fear responses obtained in other studies without
aversive stimuli have not resulted in anterior
cingulate activation [20, 24]. Therefore, anterior
cingulate activation may reflect attentional
allocation in response to aversive stimuli [47],
rather than a true neural substrate underpin-
ning fear conditioning.

The first main finding of this study is the
reduced fear habituation in the amygdala in
patients with FM. Because fear habituation
reflects the habituation of the fear response to
fear conditioning [18], this finding indicates a
maladaptation or overexpectation of pain-re-
lated fear. Clinically, this finding is consistent
with behavioral (e.g., perceptual discrimination
deficit) [48] and cognitive (e.g., catastrophizing)
[49] changes associated with pain-related fear in
patients with FM. Another notable finding in
the amygdala is the negative correlation
between fear response and perceived stress in
patients with FM. Studies have suggested that
an increased stress level can downregulate
amygdala activation in fear or cognitive pro-
cessing. A behavioral study in patients with
chronic pain demonstrated a link between stress
and impaired fear processing [50]. Moreover, an
fMRI study revealed a negative correlation

between anxiety level and amygdala activation
during pain encoding in healthy participants
[51]. The combination of downregulation and
reduced habituation may explain the consistent
fear response strength across the groups.

In addition to the amygdala, the anterior
insula exhibited decreased fear habituation in
the present study. However, this change seemed
to be associated with the patients’ mental
health because it did not reach significance after
adjustments for depression and anxiety. In
addition to mood, the anterior insula was
associated with functional disability in FM, as
indicated by the correlation between fear
response and FIQR scores in this study. More-
over, our previous study that used resting-state
MEG revealed an association between insula
activity and functional disability in FM [39].
Thus, the aforementioned findings highlight a
complex role of the anterior insula in chronic
pain that involves not only affective factors [52]
but also higher-order pain processing [53].

The second main finding of this study is the
predictive value of amygdala fear habituation
for the diagnosis and treatment outcomes of
FM. Differentiation between FM and CM in
pathophysiology is beyond the scope of the
present study. Nevertheless, the diagnostic
value of amygdala fear habituation in the pre-
sent study implies that these two chronic pain
conditions have different pathophysiologies, at
least in terms of pain-related fear. Moreover,
some findings from previous imaging studies

Fig. 6 ROC curves for a right amygdala fear habituation in differentiating the patients with FM from the controls (left) and
all patients without FM (right). b Left amygdala fear habituation in differentiating between good and poor FM outcomes
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have suggested that FM and CM are separate
clinical entities. In gray matter volume studies,
FM has been reported to significantly reduce
gray matter volume in the amygdala [10] and
exhibit an age-associated reduction in gray
matter volume by 3.3 times compared with
healthy controls [12], whereas gray matter vol-
ume exhibited structural plasticity that was
nonlinearly linked to headache frequency in
CM [54]. In functional connectivity studies, FM
has been associated with reduced amyg-
dala–ACC connectivity [11]; by contrast,
increased connectivity between the amygdala
and other pain-related regions has been
observed in CM [55, 56]. Additional studies
directly comparing patients with FM and CM
(without comorbidity with each other) in terms
of limbic structural and functional changes and
thus elucidating the reasons of the discrepan-
cies in fear habituation are warranted.

Amygdala fear habituation predicted prega-
balin treatment outcomes in patients with FM.
Previous studies indicating an association
between the amygdala and sensory areas
[55, 56] have provided a theoretical basis for the
intermediation of amygdala activity on bodily
pain in FM. Some interventional studies have
further demonstrated the modulatory effect of
pregabalin on amygdala activity. In a phar-
maco-fMRI study [57], left amygdala activation
when emotional stimuli were anticipated
decreased in healthy participants with prega-
balin administration. In an animal study, pre-
gabalin downregulated the activity of the
amygdala and related corticosubcortical net-
works after a fear-inducing stimulus, resulting
in an anxiolytic effect [58]. Moreover, dulox-
etine, another standard treatment for FM, had a
modulatory effect on the bottom-up processing
of biologically salient information in extended
amygdala circuitry in an fMRI study of healthy
participants [59]. The amygdala may be a
pharmacological target for standard FM treat-
ments such as pregabalin and duloxetin; hence,
a link between amygdala fear habituation and
pregabalin treatment outcomes was established
in the present study. In the era of precision
medicine, studies must elucidate whether
amygdala fear habituation can be used as a

brain signature for pregabalin efficacy in
patients with FM.

This study has limitations. First, painful
electric stimulation was delivered to the lower
leg of the participants rather than around the
head (to mimic headache) to prevent unwanted
artifacts during MEG recording. The different
pain experiences and pain distributions
between patients with FM and those with CM
may partially account for the difference in their
fear response patterns. Second, the present
study design could not elucidate causal rela-
tionships between amygdala fear responses and
the clinical parameters. Additional longitudinal
studies would be particularly valuable to eluci-
date these relationships. Third, depression is a
common comorbidity of chronic pain that may
alter amygdala activity [9]. Thus, this study
excluded patients who had major depression
and adjusted the severity of depressive symp-
toms in the statistical analyses of patients with
FM and CM. Moreover, we did not enroll
patients with major depression as an isolated
disease control group because of unwanted
confounding due to antidepressant use. Finally,
there are different types of fear-conditioned
behavior that are mediated by the nuclei within
the amygdala [60]. This study focused on pain-
related fear; therefore, whether the aforemen-
tioned changes can be generalized to other
types of fear remains unknown.

CONCLUSIONS

Here, patients with FM were characterized by
reduced response habituation to pain-related
fear in the amygdala. This abnormal neuro-
modulation in the amygdala was absent in
patients with CM and reduced in the FM sub-
group with good treatment outcomes. Amyg-
dala fear response may be a brain signature of
FM that can predict FM diagnosis and treatment
outcomes; however, longitudinal studies with
large patient samples is required for further
confirmation these results.
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