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Music reduces pain in fibromyalgia (FM), a chronic pain disease, but the functional neural
correlates of music-induced analgesia (MIA) are still largely unknown. We recruited FM
patients (n = 22) who listened to their preferred relaxing music and an auditory control
(pink noise) for 5 min without external noise from fMRI image acquisition. Resting state
fMRI was then acquired before and after the music and control conditions. A significant
increase in the amplitude of low frequency fluctuations of the BOLD signal was evident
in the left angular gyrus (IAnG) after listening to music, which in turn, correlated to the
analgesia reports. The post-hoc seed-based functional connectivity analysis of the IANG
showed found higher connectivity after listening to music with right dorsolateral prefrontal
cortex (rdIPFC), the left caudate (ICau), and decreased connectivity with right anterior
cingulate cortex (rACC), right supplementary motor area (rSMA), precuneus and right
precentral gyrus (rPreG). Pain intensity (Pl) analgesia was correlated (r = 0.61) to the
connectivity of the IANG with the rPreG. Our results show that MIA in FM is related to
top-down regulation of the pain modulatory network by the default mode network (DMN).

Keywords: fibromyalgia, music, pain, analgesia, resting state fMRI, BOLD signal, angular gyrus, fALFF

Introduction

Music-induced analgesia (MIA) is defined as the subjective reduction of pain perception after
listening to music (Roy et al., 2008). It has been demonstrated in acute experimental pain (Guétin
etal., 2012; Gutgsell et al., 2013; Matsota et al., 2013; Onieva-Zafra et al., 2013; Yeo et al., 2013) and
chronic pain diseases such as neuropathic pain, osteoarthritis, and fibromyalgia (FM) (McCaftrey
and Freeman, 2003; Ozer et al., 2013; Finlay, 2014). MIA seems arise from cognitive and emotional
mechanisms elicited by listening to music, such as distraction (Garza-Villarreal et al., 2012),
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reappraisal (Wiech et al., 2008b), familiarity (Pereira et al., 2011;
van den Bosch et al., 2013), emotion (Roy et al., 2012), belief, and
reward (Scott et al., 2007; Tracey, 2010; Salimpoor et al., 2013;
Hsieh et al., 2014). These factors are likely to contribute to the
modulation of pain perception via cortical and subcortical brain
areas involved in the pain modulatory system (Bingel and Tracey,
2008). In order to induce a measurable MIA, it is reccommended
to use music that is pleasant, liked, relaxing and familiar to the
person (Mitchell and MacDonald, 2006; Mitchell et al., 2006,
2007).

Recent behavioral studies have shown MIA and other positive
effects of music on mood and functional mobility even in
individuals who chronically suffer from pain, namely in FM
patients (Guétin et al., 2012; Onieva-Zafra et al., 2013; Garza-
Villarreal et al., 2014). FM is a chronic pain disease of unknown
etiology with a prevalence of 2.1% (female:male ratio of 9:1)
according to a recent German survey (Wolfe et al., 2013).
FM is characterized by diffuse generalized musculoskeletal pain
and increased sensitivity to visual, tactile and auditory stimuli,
with depression and fatigue as the most common comorbidities
(Geisser et al., 2007). It has been suggested that FM is related
to altered somatosensory and nociceptive input to the brain,
either via increased sensory input and/or reduced inhibition of
the input (Clauw, 2009; Brederson et al, 2011; Smith et al,
2011). This hypothesis has been supported by recent resting
state functional magnetic resonance imaging (rstMRI) studies
that found alterations in brain function and connectivity in
FM patients (Nebel and Gracely, 2009; Jorge and Amaro,
2012). rsfMRI is an imaging method to evaluate brain function
when a subject is not engaged in an explicit task and it
has been widely used to study the neurophysiological basis
for FM pain and analgesia as it is capable of probing the
low-frequency fluctuations (LFFs) of the blood oxygen level-
dependent (BOLD) signal across the whole brain and patterns
of functional connectivity can be inferred between brain areas
across time, without the need of an specific task (Greicius et al.,
2003). Some of the advantages of rsfMRI over conventional
task-based fMRI in FM pain studies are: (1) usually task-based
fMRI studies require somatosensory stimulation to induce pain,
whereas rsfMRI is task-free and more tolerable to patients, (2) it
is easier to standardize the protocol as it requires no task, making
it easier to compare results across studies and populations, (3)
the spontaneous pain reported by FM patients is very difficult
to assess and to analyze in a task-based form, whereas rsfMRI
can capture the dynamic changes in brain activity related to the
spontaneous pain.

Several brain areas are involved in the ascending and/or
descending pain modulatory systems that are integrated as a
feed-back loop, thus both systems are part of the pain experience
and modulation. The ascending system conveys the input
from the spinal cord to the brainstem [rostroventromedial
medulla, and periaqueductal gray (PAG)], cerebellum,
subcortical (thalamus, hippocampus, amygdala, hypothalamus,
nucleus accumbens), and cortical structures (insula, primary
somatosensory cortex, orbitofrontal cortex (OFC), dorsolateral
prefrontal cortex, ventromedial prefrontal cortex, ventrolateral
prefrontal cortex, medial anterior cingulate cortex, and rostral

anterior cingulate cortex). Being part of the descending system,
the aforementioned brain areas influence pain perception via
top-down mechanisms, involving the brainstem especially
the PAG and the rostroventromedial medulla (Tracey and
Dickenson, 2012). Using rstMRI it has been possible to detect
functional brain pathology related to the FM chronic pain and
analgesia (Napadow et al., 2010, 2012). An experimental pain
study found decreased functional connectivity in the descending
pain system of FM patients compared to healthy controls
(Jensen et al., 2012). Another study found enhanced rsfMRI
connectivity in FM patients compared to healthy participants
between several brain areas: anterior cingulate cortex (ACC)
with the insula and the basal ganglia, primary motor cortex (M1)
with supplementary motor area (SMA) and middle prefrontal
cortex (mPFC) with posterior cingulate cortex (PCC), as well
as reduced connectivity between ACC with amygdala and the
PAG, and thalamus with insula and PAG (Cifre et al., 2012).
Pujol et al. (2014) also showed reduced connectivity in FM
compared to healthy controls between several areas, such as:
between PAG and anterior insula, the parietal operculum and S1,
and increased connectivity between the parietal operculum and
PCC, ACC, and left angular gyrus (IAnG). The PCC and 1AnG
are part of the default mode network (DMN) (Greicius et al.,
2003, 2008), a resting state network described as a “default” state
of brain function related to episodic memory, free thinking and
preparation for future tasks. Using a power spectrum method for
analyzing BOLD signal, a study showed increased power of low
frequency fluctuations in S1, SMA, dIPFC, and amygdala in FM
patients during resting state (Kim et al., 2013a). In summary,
the literature suggests that the ascending and descending
pain modulatory systems (i.e., PAG, thalamus, insula, ACC,
PCC, dIPFC) may be functionally affected in FM and that it is
detectable using rsfMRIL

In a previous behavioral study using a non-pharmacological
analgesic intervention, we found that listening to music reduced
pain in patients with FM and that the analgesic effect was
correlated with increased functional mobility (Garza-Villarreal
et al., 2014). The effects of analgesia in FM using fMRI have
mostly been studied with task-based (touch or pain) experimental
stimuli. For example in a task-based fMRI study showed that
pregabalin-induced (pharmacological) analgesia increased the
related BOLD signal of a somatosensory stimulus in thalamus,
postcentral gyrus, middle frontal gyrus, middle cingulate cortex,
inferior parietal lobule, precuneus and insula (Kim et al., 2013b).
However, one study showed the effects of a non-pharmacological
analgesic intervention in FM using rsfMRI, and they found a
reduction of insula connectivity with the DMN post-intervention
(Napadow et al., 2012). Therefore, rsfMRI seems to be a
promising in measuring and analyzing the effects of MIA in
patients with FM.

The amplitude of LFFs [Fractional amplitude of low frequency
fluctuations (fALFF)] is an analysis method that aims at
measuring resting state BOLD signal changes in terms of power
in a specific frequency band within each brain voxel (Zou et al.,
2008). By evaluating the amplitude of LFFs of the BOLD signal
(0.01-0.08 Hz), this approach has been successful in detecting
regional abnormalities in spontaneous BOLD-signal oscillations
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by measuring the time-series amplitude in each voxel (Biswal
et al, 2010; Hong et al, 2013). We decided to apply this
method in our study because a connectivity-based approach
usually requires the definition of functional networks by various
methods, and the chronic pain these patients suffer may have
an impact in the shape and temporality of these networks.
Instead, a power BOLD-based approach as the fALFF compares
the signal amplitude in each voxel across time and does not
require network definition. Also, a previous study showed rsfMRI
BOLD changes in the power of LFF in FM patients (Kim et al.,
2013a).

In this study, we aimed to reveal the neural correlates of MIA
in FM by investigating the changes in resting state BOLD signal
amplitude and connectivity related to MIA in patients with FM.
To this purpose, we performed rstMRI in 23 FM patients, before
and after exposure to music and pink noise. We hypothesized
that the analgesic effect would be associated to changes in BOLD
signal amplitude and connectivity within the pain modulation
systems.

Materials and Methods

Patients

Twenty-three patients (22 female) with median age of 50 (range:
22-70 years old) were recruited from the Hospital General of
the Secretaria de Salud and from a FM help group, both in
the city of Queretaro, Mexico. The higher incidence of FM in
females is the reason we could not balance the sample’s sex.
The FM patients attended to a two-part experiment: behavioral
and fMRI. The results of the behavioral part of the experiment
were reported in Garza-Villarreal et al. (2014). In this report we
only focus on the fMRI part of the experiment. The order of
patients’ attendance to the behavioral and fMRI experiments was
counter-balanced to control for any prior exposure confounds.
The inclusion and exclusion criteria for participation in the fMRI
experiment are described in Table 1. The patients’ comorbidities
and medications are described in Supplementary Table 1. The
only male patient of the experimental sample was excluded due
to an incidental radiological finding in the anatomical brain
images. One female subject was excluded due to claustrophobia
during the acquisition. Hence, a total of 20 females with a median
age of 49 (22-70) were included for the final fMRI analysis
in study. The study was approved by the Bioethics Committee
of the Institute of Neurobiology, UNAM and informed written
consents were obtained from all patients. The study was
conducted in accordance with the Declaration of Helsinki and
the patients received no compensation for taking part in the
study, although transportation expenses (i.e., taxi) were covered
if needed.

Design and Paradigm

All patients filled out the Pain Catastrophizing Scale (PCS) and
the Center for Epidemiologic Studies Depression Scale Revised
(CESD-R) questionnaires prior to the experiment (Sullivan
et al., 1995; Ortega et al., 2003). Pain intensity (PI) and Pain
unpleasantness (PU) were measured using the 10-point Verbal
Rating Scale (VRS) (0 = no pain, 10 = very intense/unpleasant
pain) (Cork et al., 2004) immediately before and after each

TABLE 1 | Patient selection criteria.

INCLUSION CRITERIA
o Meeting the FM 1990 and 2010 criteria (Wolfe et al., 1990, 2010)
o FM diagnosed by a trained Rheumatologist

e Spontaneous, continuous and intense pain in dalily life (VRS >5 average of a
month)

e Right-handed

EXCLUSION CRITERIA

o Impossibility to move or walk

e Uncontrolled endocrine problems

o Auditory problems

e Pregnancy and/or breast-feeding

o MRI contraindications (i.e., metal prosthetics)
ELIMINATION CRITERIA

o Excessive MRI artifacts

e Probable pathological findings in MRI

VRS, Verbal Rating Scale.

experimental condition in the MRI scanning. The experimental
conditions consisted of two different auditory backgrounds that
the patients listened to for 5 min each while the MRI scanner was
not acquiring images: music (2-3 songs in a row) and pink noise
(control). Prior to the study, the patients either provided the
name of an artist or the songs they would like to hear, provided
the musical pieces were highly pleasant and slow-paced. The
slow pace was defined as a tempo of <120 beats per minute
(bpm), determined by the main researcher using a metronome.
Pleasantness was reported by the participant using a verbal 10-
point Likert scale (0 = unpleasant, 10 = highly pleasant) and we
defined pleasant music as rated at least 9-10 points. When only
the artist name was provided, the experimenter chose the songs
by the artist based on two fixed acoustic criteria: consonance
(pleasantness), reported by the patient, and tempo, measures by
the experimenter.

Figure 1 shows the experimental paradigm. For the fMRI
experiment, the patients listened to the auditory stimuli inside
the MRI scanner, during which period no sequences were
running to minimize unwanted noise. The patients used the
NordicNeuroLab AS (Bergen, Norway) MRI-safe headphones.
The visual stimuli (fixation cross and wash-out) were presented
in a screen projected through the mirror mounted on the MRI
head coil. As compared to the behavioral study published in
Garza-Villarreal et al. (2014), we added a wash-out condition
during the structural imaging acquisition to avoid analgesic or
cognitive crossing effects. The wash-out condition consisted of
watching a neutral video documentary (i.e., a biography of Bill
Gates) with sound. The documentary was rated as neutral by the
researchers. All stimuli were presented using the software VLC
Media Player (http://www.videolan.org). As shown in Figure 1,
for a session there were four rsfMRI acquisitions in total (REST
1, REST 2, REST 3, and REST 4) with two auditory stimuli:
Control (noise) and Music. A total of four conditions were then
defined in the analysis: pre-control (Cpre), post-control (Cpos),
and pre-music (Mpre), post-music (Mpos). The order of auditory
stimulus presentation was counter-balanced across patients to
avoid an order effect.
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MRI SCANNING PARADIGM

* * * *
REST 1 REST 2 | | STRUCTURAL SCANS || REST 3 REST 4
5 min 5 min >15 min 5 min 5 min

* rsfMRI scans were only performed during the rests periods.

rsfMRI, resting state functional magnetic resonance imaging.

FIGURE 1 | Experimental rsfMRI paradigm. The washout condition was executed during the “Structural Scans” period. NOISE, Control condition (pink noise).

Procedure

Patients were screened and recruited by the main researcher.
During the screening, they were informed about the study,
without being specific as to the tasks involved and the main
objective (MIA). After the screening, the patients were first
interviewed by phone to make sure they fit the inclusion criteria.
After the patients were confirmed to be eligible to participate
in the study, they were asked for songs they would like to
listen during the study with the characteristics explained in
the previous section. Before the scans they were briefed about
the study, to make sure they understood the procedure and
implications. The patients then signed the written consent,
answered the questionnaires and were briefed about the details of
the fMRI paradigm. During the fMRI scanning the patients rated
their spontaneous pain before and after each auditory condition.

Statistical Analysis of Pain Measures

The VRS pain measures were analyzed using the software R
Statistics (Team, 2014). We performed descriptive statistics of
the data and plots using the “ggplot2” package for R (Wickham,
2009). PI and PU were not normally distributed; therefore, we
chose to use non-parametric two-tailed paired analysis using
the Mann-Whitney Rank Test. We performed this test in the
difference variables API (pre-post PI) and APU (pre-post PU)
between the two experimental conditions: Control and Music.
Three patients were excluded from this analysis due availability
of the pain ratings data (n = 17).

MRI Data Acquisition

The image acquisition was performed at the Magnetic Resonance
Unit of the Institute of Neurobiology, UNAM, Queretaro,
Mexico using a 3.0 Tesla GE Discovery MR750 scanner
(HD, General Electric Healthcare, Waukesha, WI, USA) and
a commercial 32-channel head coil array. High-resolution T1-
weighted anatomical images were obtained using the FSPGR
BRAVO pulse sequence: Plane orientation = Sagittal, TR =
7.7ms, TE = 3.2 ms, flip angle = 12°, matrix = 256 x 256, FOV
= 256 mm?, slice thickness = 1.1 mm, number of slices = 168,
slice order = interleaved, view order = bottom-up. A gradient
echo sequence was used to collect rstMRI data using the following
parameters: TR = 3000 ms, TE = 40 ms, flip angle = 90, matrix
= 128 x 128, FOV = 256 mm?, slice thickness = 3 mm, voxel
size = 2 x 2, slice spacing = 0 mm, plane orientation = axial,
slice order = interleaved, view order = bottom-up, number of
slices = 43. The total scan time of each rsfMRI session was 5 min

with a total of 100 brain volumes acquired. During the rsfMRI
the patients were given no task but were instructed to stay alert
and keep their eyes open and fixated on a white-cross displayed
on the center of black background that was being presented on
the MRI screen. All images were downloaded in DICOM format,
anonymized and converted to NIFTI format using dem2nii from
MRIcron (Rorden and Brett, 2000).

Fractional Amplitude of Low Frequency
Fluctuations (fALFF)

All image processing and data analysis of rstMRI were performed
using AFNI (http://afni.nimh.nih.gov/afni) (Cox, 1996) software
and FMRIB’s Software Libraries (FSL V5.0.4) (Smith et al., 2004;
Woolrich et al., 2009; Jenkinson et al., 2012). We performed
slice timing correction and motion correction. For each subject
and session, after an initial rigid alignment between functional
data and T1-weighted high-resolution structural images, a non-
linear transformation field was obtained to register individual T1-
weighted images to the Montreal Neurological Institute (MNI)
standard space. Mean signal from white matter, cerebrospinal
fluid, and the global signal were obtained from the T1-weighted
images segmentation. Those signals and six motion parameters
were regressed out from preprocessed images using linear
regression. Finally we smoothed the residual images using a
Gaussian kernel of full width at half maximum of 6 mm. All
further image processing was carried out on the smoothed
residual images. The main analysis of our resting state data
was done using fALFE an approach based on power density
frequency spectrum (Zou et al., 2008). The fALFF was computed
using the scripts released by 1000 Functional Connectomes
Project (http://fcon_1000.projects.nitrc.org/). After Fisher-Z
transformation, the individual fALFF maps were then analyzed
with whole-brain two-sample paired t-tests using the toolbox
“randomize” from FSL (Winkler et al, 2014) set at 5000
permutations to obtain differences in BOLD signal amplitude
between all conditions. We performed a GLM analysis between
PI and fALFF in all conditions, to find the neural correlates of
PI report in this population. We then focused in the contrasts
Mpos > Cpos and Mpos < Cpos because we were interested
in the effect of the music compared to the control. However,
we tested for differences between all conditions. To test for a
possible effect of the normal fALFF fluctuation in time, we also
tested REST 1 (baseline) against the rest of the REST sequences.
Correction for multiple comparisons was performed with family-
wise error (FWE) with an alpha level of 0.05 (Nichols and
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Hayasaka, 2003). We then extracted the mean fALFF Z-scores
from each patient and session (Cpos and Mpos) using a binary
mask ROI created from the group’s significant cluster of the
contrast Mpos > Cpos, and we performed parametric two-
tailed correlations between the delta (A) Z-scores of the fALFF
(Mpos-Cpos) and the API and PU (converted to Z-scores)
using R Statistics (Team, 2014). Outliers of pain ratings were
rejected using Thompson’s Tau (Thompson, 1985; Christensen
et al., 1992), with a final n = 15 for the correlation analysis.
For clarity the following abbreviations will be used in the
Results Section: Cpos, post-Control; Mpos, post-Music; Z, mean
Z-score of the fALFF cluster; PI, pain intensity; PU, pain
unpleasantness.

Connectivity Analysis

As a post-hoc analysis of the fALFE in order to examine
the functional connectivity of the significant cluster, we
performed seed-based connectivity analysis. We band-passed the
preprocessed MRI at 0.01-0.08 Hz, and then we extracted the
mean fMRI time series of each subject using the mean from
the angular gyrus cluster. Afterwards, we created individual
correlation maps calculating the cross-correlations between a
reference waveform (BOLD signal of the mean cluster) and
time-series of each voxel in the whole-brain. To obtain the
average correlations of conditions Cpos and Mpos, the individual
correlation maps were Fisher’s Z-transformed, averaged across all
subjects for each condition, then transformed back to correlation
coefficients. After mapping the positive and negative correlations
of the IAnG for each condition at a chosen threshold of
r = £0.40, we decided to investigate the mean correlation of
each cluster as an individual ROI. For this we clusterized Cpos
and Mpos correlation maps with a positive lower threshold of
0.40, a negative lower threshold of r = —0.40, and a
minimum cluster size of 40 voxels (except for the cluster located
in left caudate (1Cau) of 9 voxels in size, due to relevance in
FM and pain literature). We then combined the Cpos and Mpos
clusters to create the final ROIs. We ended up with nine ROIs
from the positive correlations and 11 ROIs from the negative
correlations with 1AnG cluster (Figure S1). For clarity, we named
the ROIs from the type of correlation they were derived from and
a number in sequence (i.e., positive 1 or P1). Using these ROlIs,
we extracted the mean Z-value from the transformed correlation
(r) maps from every individual subject for each condition (Cpos
and Mpos) separately. Then, in the ROIs with a mean r difference
(Cpos—Mpos) of > =+ 0.10, we performed two-tailed parametric
paired t-tests in the Z-values (Mpos > Cpos, Cpos > Mpos)
using at alpha < 0.05, false-discovery rate (FDR) correction at
q = 0.05 for multiple comparisons (Benjamini and Hochberg,
1995) and effect sizes were calculated as r2. Positive values
after Mpos > Cpos are referred to as increased connectivity
and negative values as decreases connectivity. Finally, to find
about linear relationships between the pain reports and the IAnG
connectivity, we created scatter plots of PI and the correlation
coefficient (r) values of the significant ROIs, and we performed
Pearson’s two-tailed correlations of ROIs with linear relationship
at alpha < 0.05. The correlation was done between the A PI
(Mpos-Cpos) and the A Z-transformed correlation coefficient

r =

(r), reported afterwards in Pearson’s r. All coordinates in the
results are shown in MNI space.

Results

Questionnaires and Behavioral Pain Measures
The PCS (Mean/SD: 26.41/12.82) and CESD-R (Mean/SD:
25.36/11.95) results were as expected in this population: high pain
catastrophizing and presence of depression symptoms in most
patients. Figure 2 shows the boxplots of API and APU on each
condition. The Mann-Whitney paired test showed that Control
and Music were significantly different in both API (W = 45,
p = 0.008) and APU (W = 96, p = 0.006). This suggests that
the patients reported lower pain levels after listening to music,
but not after listening to the control.

Amplitude of Low Frequency Fluctuations (fALFF)
The PI GLM analysis did not survive correction for multiple
comparisons. However, at uncorrected p < 0.001 we found
significant regression of the PI with fALFF in: bilateral posterior
insula, left cerebellum and bilateral superior and medial temporal
gyrus (Figure S2). The statistical analysis of Mpos > Cpos
showed a significant cluster in the IAnG (center of mass,
x=-38,y = —68,z = 36, p = 0.008, mean-T = 5.05,
size = 64 voxels), meaning an increase in BOLD signal amplitude
of the LFF after the music condition. No significant voxels were
found in any other test. Furthermore, we found a significant
negative correlation between A fALFF Z-score and A PI Z-score
(r = —0.56, p = 0.03) (Figure 3). In other words, the patients
who reported lower PI after the music showed higher BOLD
amplitude in the IAnG.

Connectivity of the Left Angular Gyrus

Figure 4 shows the correlation maps for Cpos and Mpos. In both
conditions, the positive and negative correlations are related to
the DMN (i.e., mPFC, IPL, precuneus, PCC), and other brain
areas (i.e., ACC). In the statistical analysis, we found significant
connectivity (correlation) differences in several ROIs, shown in
Table 2 as increased or decreased connectivity with the 1AnG
(Figure 5). Finally, we found a significant positive correlation
between A PI and A Z-values of the right precentral gyrus
(rPreG) (r = 0.61, p = 0.02) (Figure 6).

Discussion

We investigated the resting state BOLD signal changes related
to MIA in FM patients. We found that listening to pleasant,
relaxing and familiar music reduced the patients’ pain, and this
was correlated with higher amplitude of the LFFs in the 1AnG,
an important part to the DMN. The connectivity analysis of the
1AnG showed correlation with several areas of the DMN, with
significant connectivity changes between conditions. Specifically,
we found increased connectivity with the 1Cau, left dorsolateral
prefrontal cortex (IdIPFC), and decreased connectivity with the
right anterior cingulate cortex (rACC), right supplementary
motor area (rfSMA), bilateral precuneus and rPreG.
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FIGURE 2 | Pain ratings. (A) Pain intensity and (B) pain unpleasantness for
both conditions. Positive values mean less pain and negative mean more pain
after the condition. A, post—pre. Dotted black line shows the median.

Amplitude of Low Frequency Fluctuations

Our rsfMRI results showed significantly higher amplitude of the
LFFs in the 1AnG after listening to music that was correlated
with PI. The fALFF is a rather novel rsfMRI-based technique
that aims at extracting further information from the LFFs, and
the amplitude of the LFF is suggested to reflect the intensity
of the spontaneous brain activity, which in turn seems to be
related to physiological activity (Zou et al., 2008). It differs from
connectivity analysis in that there are no measures of correlation
between voxels; it solely informs about the amplitude of the
spontaneous BOLD activity at a determined frequency band
(0.01-0.08 Hz in this case), while correlation analysis is derived
from the entire frequency bands. Therefore, even if correlations
between brain areas do not change, the amplitude of their BOLD
signal oscillations may change, suggesting a different type of

MUSIC > CONTROL

r=-56

A Z-score PI

-1.5-

1 1 1 1
0.0 0.5 1.0 1.5

A Z-score fALFF of Angular Gyrus

FIGURE 3 | fALFF Analysis. (Top) Result of the fALFF Mpos > Cpos
analysis. R, right; L, left. (Bottom) Scatter plot and regression line of A
Z-score Pl (y axis) and the A Z-score of the angular gyrus cluster. PI, pain
intensity; r, Pearson’s correlation coefficient; Mpos, post-Music; Cpos,
post-Control; A, Mpos-Cpos.

“brain activation.” According to our results, there seems to be an
association between the higher amplitude of the LFF observed
in the 1AnG and pain perception. This could mean that the
activity in this core brain structure of the DMN may be influenced
by the music, and in turn influence other areas to produce
analgesia.

The angular gyrus is part of the inferior parietal lobule, it
is an area involved in several cognitive domains (i.e., language
processing, attention), and it is also an important node of the
DMN (Greicius et al., 2008; Seghier, 2013). The DMN is known
to be altered in different types of chronic pain diseases such
as FM (Napadow et al,, 2010). The AnG does not seem to be
specifically dedicated to any cognitive domain, it is considered a
functional association area, connecting with multiple brain areas
and related to multiple cognitive functions, since fMRI studies
demonstrated its involvement ranging from memory retrieval,
attention, and mathematical processing (Uddin et al, 2010).
Furthermore, it seems that the AnG is an important hub for
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FIGURE 4 | Connectivity of the left angular gyrus for Control and
Music. Axial (Top) and sagittal (Bottom) views of the connectivity maps
(threshold r = £0.40) for the rsfMRI after the Control and after the Music,
respectively. Colors show either positive (red—yellow) or negative (blue-light
blue) correlations with the fALFF cluster in the left angular gyrus.

multimodal integration, as it structurally connects with parietal,
temporal, and frontal areas (Seghier, 2013).

BOLD activity of the AnG has been shown during high
PI in task-based fMRI studies using experimental pain (Wiech
et al., 2005) and during cognitive evaluation of the reported
pain (Kong et al., 2006; Moulton et al., 2012). Another study
showed activation of the 1AnG in healthy participants related
to somatosensory evaluation (Ushida et al., 2005), suggesting
that the IAnG may be related to sensory evaluation of, but not
specific to, pain. A recent task-based fMRI study in chronic pain
patients showed increased activity in the IAnG following verbally
induced placebo analgesia, but not following non-verbal cues
(Craggs et al., 2014). Placebo analgesia is the analgesic effect of
an innocuous agent, produced solely by the individual’s belief of
analgesia. Interestingly, the role of the AnG as a core region for
integration of conceptual information has been described (Price
et al., 2015). This suggests that in our study, the IAnG activity
may have been related to a belief of “health” or analgesia from
the music, verbal lyrics, previous memories and somatosensory
information thereby suggesting that similar mechanisms may be
involved in placebo and MIA. Cognitive evaluation of pain may
also lead to reappraisal, a well-known mechanism of placebo
analgesia consisting in the change or re-framing of the experience
of pain (Wiech et al., 2008a; Tracey, 2010). Listening to self-
chosen pleasant music may make the FM patients feel in control
over the pain and elicit a reappraisal of the pain experience,
producing analgesia. Nevertheless, the mere passive listening of
music has also been shown to activate DMN brain areas (i.e.,

TABLE 2 | Results of the paired t-tests of the left angular gyrus
connectivity with contrast post-Music > post-Control.

ROI Region
(s) of
ROI

Mdiff. (r) T p-Values d Connectivity

P9 |Caudate 0.20 2.58

N1 rACC- —0.21 —3.44
SMA-
Precuneus

0.02* 0.45
0.003** 0.46

Increased
Decreased

N2 IPrecuneus  —0.22 —2.57 0.02* 0.47 Decreased

(BA7)

N4 rPrecentral
gyrus
(BA 4)

N7 rdIPFC 0.13 1.76 0.1 0.36
BA9
and 10)

-0.17 —-1.93 0.09 0.41 Decreased

Increased

AnG, Angular gyrus; ROI, region of interest; Mdiff, mean of the differences (r); T, t-value;
BA, Brodmann area; |, left; r, right; ACC, Anterior cingulate cortex; SMA, supplementary
motor area; dIPFC, Dorsolateral prefrontal cortex. We show p-values passing FDR-
correction: "p < 0.05, “p < 0.01, d = effect size (> of Mdiff,).

precuneus), suggesting influence of music in DMN connectivity
(Alluri et al., 2012). Therefore, it is difficult to assume that the
activity of the IAnG is closely related to the analgesic effect.

Another explanation about our result may relate to a domain
in which the AnG has been consistently found to be involved in:
reorienting or shifting attention (Singh-Curry and Husain, 2009;
Seghier, 2013). Shifting attention or distraction from the painisa
well-known central (non-pharmacological) analgesia mechanism
elicited by possibly a competition of cognitive resources (Wiech
et al., 2008b). Inducing experimental acute pain in healthy
participants, we previously found that an active distraction was
an even stronger central analgesic than experimenter-chosen
classical instrumental music (Garza-Villarreal et al., 2012). In our
current study, the distraction from the pain by listening to self-
chosen and pleasant music, containing lyrics, may have elicited
an analgesic effect secondary to distraction that lingered even
after the music ended (when we ran the rsfMRI acquisition)
due to active memory recall, possibly linked to the memory
processing function of the AnG. We need to stress that most
of the music chosen by our patients contained lyrics. There is
a difference in emotional brain processing of music between
instrumental and lyrical music, as an fMRI study showed that
sad music with lyrics is rated as more sad, and more strongly
activates limbic system brain areas than sad instrumental music
(Brattico et al., 2011). Other proposed mechanisms for MIA
in our study may be positive emotions and relaxation, as they
have been shown to reduce pain perception (Rhudy et al., 2008).
However, emotional modulation of pain seems to be disrupted in
FM (Kamping et al., 2013), hence we could not be certain of this
mechanism. Either way, the correlation between the fALFF and
PI further suggest that the changes in amplitude in the IAnG are
somehow related to the MIA. To further understand the 1AnG
result, we performed a seed-based connectivity analysis of the
significant fALFF cluster.
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CONTROL > MUSIC > CONTROL

decreased increased

FIGURE 5 | Brain areas of connectivity with left angular gyrus. (A) Axial
view of the brain regions with increased or decreased connectivity with the
IANG (pink). Numbers on top show the slice location in the z-axis. Blue group
represents the areas with decreased connectivity and Red group represents
increased connectivity. The color intensity represents the t-values of the
t-tests: blue (—1.93)—light blue (—3.44), and red (1.76)—yellow (2.58). (B)
Schematic of the differences in connectivity of the IAnG with the other areas
according to the statistical contrasts (post-Control > post-Music, and
post-Music > post-Control). Thick lines represent increased connectivity and
thin lines represent decreased connectivity. L, left; r, right; AnG, angular gyrus;
PreG, Precentral gyrus; Prec, precuneus; ACC, anterior cingulate cortex; SMA,
supplementary motor cortex; dIPFC, dorsolateral prefrontal cortex; CAU,
caudate.

Left Angular Gyrus Connectivity

The mean correlation of the 1AnG cluster in the post-Control
and post-Music conditions showed a pattern of connectivity
related to the DMN, suggesting that MIA was modulated by
this higher-order network. The post-hoc connectivity analysis
showed that the 1AnG increased connectivity with the 1Cau,
and right dorsolateral prefrontal cortex (rdIPFC); and decreased
connectivity with the rACC, rSMA, precuneus and rPreG after
the music. Although the rdIPFC and rPreG were not statistically
significant, we decided to take them into consideration in this
discussion due to the evidence of their involvement in pain and
analgesia and their high effect sizes (>0.35 = medium - large
effect).

Except for precuneus, these brain areas connected to the
IAnG are part of the pain perception and modulatory network
(Tracey and Dickenson, 2012), and found in most task and
resting state fMRI pain studies. The prefrontal cortex is suggested
to regulate pain perception in healthy subjects, represented by
increased activity in either of its functional divisions, depending
on the analgesic mechanism present (i.e., vVIPFC, mPFC, and the
dIPFC) (Lorenz et al., 2003; Tracey, 2011). In fact, areas that
have been associated to a modulatory network in central (non-
pharmacological) analgesia are: the rACC, OFC, and the dIPFC
(Petrovic et al., 2005). The dIPFC has been related to central
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FIGURE 6 | Correlation of pain intensity and precentral-angular gyri
connectivity. Scatter plot showing the linear positive correlation between the
A Pl and the A correlation of the connectivity between IANG and rPreG. Red
dashed lines indicate vertical and horizontal lines passing the origin (0,0). The
shaded area shows 95% confidence interval. A, delta (Mpos-Cpos); PI, pain

intensity; r, correlation coefficient.

analgesia by reappraisal and distraction mechanisms (Wiech
et al., 2008b). The ACC is part of the pain matrix and commonly
found with increased activity during pain and decreased during
analgesia (Tracey and Dickenson, 2012); hence it is considered
to be related to the cognitive and emotional processing of pain
(Kwan et al., 2000), as well as involved in arousal and attention
(Paus, 2000). Interestingly, emotional modulation of pain seems
to be affected in FM patients, reported as decreased task-based
fMRI activation in S1, insula, OFC, and ACC during pain
modulation by positive affect (Kamping et al., 2013). A study of
FM resting state connectivity between FM patients and healthy
participants found increased connectivity in FM patients of the
ACC with the caudate, putamen and insula; the caudate with
mPFC and secondary somatosensory cortex (S2); and the SMA
with primary M1. Also, they found decreased connectivity of the
ACC with the PAG and amygdala; caudate with PAG and GP
(Cifre et al., 2012). In our results, we found the rACC, SMA,
M1, and caudate being modulated by (or modulating) the 1AnG,
suggesting a top-down pain modulation by the DMN, possibly
orchestrated by the AnG.

There are several studies in healthy subjects showing the
neural correlates and connectivity during central analgesia
(Wiech et al, 2008a; Petrovic et al.,, 2010; Hashmi et al.,
2012). However, in FM literature there is only one study of
rsfMRI brain connectivity during central analgesia (real and
sham acupuncture) and they found decreased connectivity of
the DMN to the anterior insula related to analgesia. In our
study, we focused on the amplitude of the LFFs and not the
DMN connectivity, and we did not find any insula changes.
Interestingly, the JAnG connectivity changes were related to areas
involved in pain and analgesia already shown in other studies. A
meta-analysis of experimental pain and placebo analgesia showed
that there is an overlap of areas related to pain and analgesia,
suggesting instead that placebo analgesia may not arise from
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these areas themselves, but as a function of the activity of this
pain modulatory network (Amanzio et al., 2013). In our results,
the area with the highest effect size in increased connectivity was
the 1Cau, and the areas with the highest effect size in decreased
connectivity were the rACC, rSMA and rPrecuneus. However
only the connectivity of IAnG with rPreG was correlated to PI
changes.

It is therefore possible that in this experiment the IAnG was,
for example, influencing (or being influenced) frontal hubs such
as dIPFC, rACC, and SMA to decrease pain perception, and
receiving feedback from areas such as ICau and PreG. PreG
contains the primary M1, which has already been shown to have
increased connectivity with the SMA in FM patients (Cifre et al.,
2012). The precuneus is related to pain perception in pathologies
with higher levels of psychological distress (similar to FM) and
to altered cognitive states such as hypnosis (Albuquerque et al.,
2006; Huber et al., 2013), therefore our connectivity results may
be more related to relaxation than analgesia. It is important to
remember that FM pain is not yet fully understood and this is also
true for the neural representation of pain and central analgesia in
FM. Studies suggest that FM patients have a disruption of pain
inhibition areas such as the ACC (Jensen et al., 2009; Kamping
etal., 2013). If this is the case, then the ability to modulate pain is
impaired in FM patients and different pathways may compensate
for this impairment. Here, we showed that FM patients can have
an analgesic effect by listening music, and that this effect seems
to be related to top—down mechanisms.

Limitations

As with most FM patients, the patients of this study were under
several types of medication and had several comorbidities that we
could not control for. However, by doing paired design (within-
subjects) we tried to control for this individual variability. It
should also be noted that most patients showed depression
symptoms, a common problem in FM. In this case it was not
possible to control this variable and, for future studies, it would be
important to understand which of the brain correlates we found
are secondary to analgesia and which to a reduction of depression
symptoms secondary to music exposure. The voxel size (2 x 2 x
3) may not show the activity of subcortical structures important
for pain modulation (i.e., PAG), and the relatively low sampling
rate (TR = 3's) could overlook part of the temporal dynamics of
the connectivity. A control group with healthy participants would
have been ideal to possibly understand the effect of music in the
IAnG. However, the groups could not be directly comparable
as the healthy controls would have to be experiencing similar
generalized intense pain without FM to be an ideal control
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