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Purpose: The purpose of this study was to investigate the utility of data-driven analyses of
functional magnetic resonance imaging (fMRI) data, by means of structural equation model-
ing, for the investigation of pain processing in fibromyalgia (FM).

Patients and Methods: Datasets from two separate pain fMRI studies involving healthy
controls (HC) and participants with FM were re-analyzed using both a conventional model-
driven approach and a data-driven approach, and the results from these analyses were
compared. The first dataset contained 15 women with FM and 15 women as healthy controls.
The second dataset contained 15 women with FM and 11 women as healthy controls.
Results: Consistent with previous studies, the model-driven analyses did not identify differ-
ences in pain processing between the HC and FM study groups in both datasets. On the other
hand, the data-driven analyses identified significant group differences in both datasets.
Conclusion: Data-driven analyses can enhance our understanding of pain processing in
healthy controls and in clinical populations by identifying activity associated with pain
processing specific to the clinical groups that conventional model-driven analyses may miss.
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Introduction

Functional magnetic resonance imaging (fMRI) has been used extensively since the
1990’s to study both normal and abnormal pain processing in humans. For an
overview of recent advances in the pain fMRI literature, we refer the reader to

Jensen et al, Morton et al, and van der Miesen et al.'~

A popular strategy to study
abnormal pain processing is to subject both healthy participants, and participants
with a pain disorder, to an identical experimental noxious stimulation paradigm
while undergoing fMRI. Group-level comparisons of the results are then used to
identify which brain areas, if any, have blood oxygenation-level dependent (BOLD)
responses that differ between the two study groups.*”” Although these methods may
be limited in their generalizability to real-world pain disorders, they can still
provide us with valuable information about acute pain processing, which can
potentially lead to a better understanding of chronic pain conditions.

Fibromyalgia (FM) is one pain condition that has been studied in this manner,
resulting in some progress in our understanding of this condition. Fibromyalgia is
a complex chronic pain syndrome affecting 2-5% of the population.® Typically,
symptoms of FM manifest as widespread pain that fluctuates in intensity and location
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throughout the body, fatigue and/or sleep disturbances, and
cognitive deficits which are often described as “fibro-
fog”. %2 Although FM has been extensively investigated
using multiple methods, including fMRI (see Cagnie et al
and Dehghan et al for an overview of fMRI findings), the
underlying mechanisms of this disorder are still relatively
unknown.'*!'* Without a proper understanding of the etiol-
ogy, diagnosis and treatment remain difficult.®

The designs of previous fMRI studies of FM have varied,
but most aimed to elicit similar subjective levels of pain in
both their healthy control (HC) and FM study groups. In order
to achieve a similar level of pain in both study groups, the
intensity of the stimuli needed to be higher in the HC groups,
as hyperalgesia is a common symptom of FM.* !5
However, over half of these studies reported little to no sig-
nificant differences in pain processing between the HC and
FM groups within cortical regions, even though the average
stimulus intensities used for each study group were signifi-
cantly different.* ®!>1¢182024 Three explanations for this
paradox have been proposed. First, the abnormalities asso-
ciated with FM may be found in the lower brainstem/spinal
cord, and thus conventional brain fMRI studies were unable to
detect the differences between the HC and FM groups. Spinal
fMRI is not yet as widely-used as brain fMRI, so data to
support this theory are limited, however evidence supporting
this explanation does exist.'” Second, the cause of FM could
lie within the periphery, therefore brain fMRI studies could not
detect the differences between the study groups. Evidence
both for and against this theory has been discussed in the
literature.* > Lastly, it is possible that differences within
cortical regions do exist, but the standard approaches to
fMRI data analysis are unable to detect them.

Conventional analyses of fMRI data from pain studies
use “model-driven” approaches. These analyses involve pre-
dicting the BOLD response to a noxious stimulation para-
digm, and then using a general linear model (GLM) to
identify voxels/regions within the fMRI time-series data
that adequately match these predicted BOLD response mod-
els. Essentially, the brain activity that is expected to be
associated with pain processing is presumed to be
a convolution of the hemodynamic response function with
the timing of the noxious stimulation paradigm.** Although
this method has proven useful within other areas of fMRI
research, in the context of pain research it may be too limited.
This approach assumes that the only meaningful neurological
activity that is associated with pain processing occurs during
noxious stimulation, and is thus the direct result of a reaction
to the stimulus. However, pain processing is much more

complex, involving higher order processes that are influ-
enced by a person’s emotional and cognitive states, as well
as their surroundings.’*>* Due to the complexity of the
experience of pain, it is invalid to assume that the BOLD
responses associated with pain processing can be predicted
based on peripheral stimulation timing alone, and previous
research has shown that BOLD signaling outside of the
stimulation period can be related to pain processing.***’
We therefore propose that significant differences in pain
processing between HC and FM participants are likely
being missed due to the limitations of these conventional,
model-driven fMRI analysis methods.

Alternative “data-driven” analytical approaches are avail-
able which do not require the prediction of BOLD responses,
but rather identify meaningful BOLD responses based on
temporal correlation or covariance between time-series
responses in different brain regions (ie “connectivity”).*® An
example of a data-driven approach is structural equation mod-
eling (SEM) to investigate networks of inter-connected brain
regions, based on a predefined anatomical model.*® Using
SEM, BOLD signal variations can be identified even if they
do not match a predicted model, such as due to receptor
adaptation, effects such as temporal summation, changes in
sensitivity, cognitive or emotional influences, individual differ-
ences, etc. Moreover, fMRI data can be separated into time
periods and dynamic variations in connectivity strengths over
time can be investigated. It is therefore possible that data-
driven analyses can provide information about pain processing
in much greater detail than the model-driven approaches. It is
also expected that data-driven methods have the potential to
explore differences between HC and FM groups that the
model-driven methods may have missed. Interestingly, out of
the previous fibromyalgia fMRI studies mentioned above, the
majority of the studies that reported finding at least some
differences between the HC and FM groups experiencing
similar levels of pain were studies that utilized data-driven
techniques.' %%

The purpose of the present study was to investigate
whether data-driven approaches (specifically SEM) can better
inform us about the differences in pain processing between HC
and FM groups, than a conventional model-driven approach.
This was achieved by separately re-analyzing data from two
previous pain fMRI studies conducted by our lab. Both of
these studies involved comparing participants with fibromyal-
gia to age/sex-matched healthy control participants who
experienced subjectively equivalent levels of pain, however
their study designs differed. We chose to analyze data from
two distinct studies, with significant differences in study
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design, to increase the robustness of our results. Analyses
consisted of both a conventional, model-driven approach
based on predicted BOLD responses, and an alternative, data-
driven SEM approach. Results from the two analyses were
compared across the two datasets, and the similarities and
differences in the results were identified. We hypothesized
that the data-driven analyses would identify more nuanced
differences in pain processing between the study groups than
the model-driven analyses.

Patients and Methods

The data used to compare the two analysis methods were
obtained from two previous fMRI studies conducted by our
lab, both of which compared pain processing in women with
FM to HC participants. These studies included both brain and
brainstem/spinal cord imaging sessions, but only the data
pertaining to the brain imaging sessions will be discussed
here. For both studies, the methods were reviewed and
approved by the Health Sciences Research Ethics board at
Queen’s University, and all participants provided written,
informed consent before participating. Although these studies
shared common features with respect to their aims and study
designs, there are significant differences that are worth noting,
and the datasets were not combined for any analyses as
a result. In order to differentiate the two datasets, the first
study, which was conducted between 2013—2014, will be
referred to as “Study 17, and the two groups in this study
will be referred to as “HC1” and “FM1”. The second study,
conducted between 20182019, will be referred to as “Study
27, and the two groups in this study will be referred to as
“HC2” and “FM2”. Details of the methods used for each
study, which are relevant to the present analysis, will be
described below. Full details of the methods used for Study 1
have been previously published."

Participant Recruitment

Study |

Twenty women with FM and 20 healthy women were
recruited from the local community. All FM participants
required a prior diagnosis from their physician. Additionally,
they were assessed with an algometer upon recruitment (FPK
10 pain test algometer, Wagner Instruments) to ensure that
they fulfilled the 1990 ACR criteria for FM.>” Exclusion
criteria included current use of opioids or nonsteroidal anti-
inflammatory drugs (NSAIDs). Of the participants recruited,
complete brain fMRI data sets were obtained from 15 HC (age
range = 21-55, My = 39.1 + 10.2; mean + std) and 15 FM
(age range = 27-53, Mg = 38.9 + 6.8) participants that could

be used for the current analyses (the other participants either
did not complete the brain imaging session, or their data were
excluded due to technical issues during the scanning session).

Study 2

Sixteen women with FM and 13 healthy women were
recruited from the local community, and were used for
this analysis. Participants with FM were required to have
received a prior diagnosis from a physician to be included
in this study. Exclusion criteria included current use of
opioids. All other medication dosages needed to be stable
for at least 3 months. Of the total number of participants
recruited, complete brain fMRI data sets were obtained
from 11 HC (age range = 21-59, M,,. = 36.5 £ 11.3)
and 15 FM (age range = 24-64, My, = 49.3 = 12.6)
participants that could be used for the current analyses
(the other participants either did not complete the brain
imaging session, or their data were excluded due to tech-
nical issues during the scanning session).

Personal Characteristics

Every participant was asked to fill out a series of psycholo-
gical questionnaires so that their personal characteristics
could be quantified and related to their subsequent fMRI
results and pain ratings. The questionnaires included in both
studies were the State-Trait Anxiety Inventory (STAI), the
Social Desirability Scale (SDS), the Beck Depression
Inventory (BDI), and the Pain Catastrophizing Scale
(PCS).***' Demographic information (including age, sex,
height, weight) were also recorded, as well as each indivi-
dual’s pain sensitivity (see Characteristic comparisons of
Study 1 and Study 2 for more information regarding sensi-
tivity calculations). For the purpose of the current analysis,
these data were used to determine if there were any signifi-
cant differences between the participant groups which could
potentially explain any differences in the results.

Participant Training

Prior to fMRI data collection, each participant underwent
a 1-hour training session during which they were introduced
to the experimental pain stimulus and study design. First,
participants were introduced to the standardized numerical
pain intensity scale (NPS) which they used to report their
pain ratings. The scale ranges from 0 to 100 in increments of
5, with verbal descriptors at increments of 10 (Figure 1).'%*
This pain scale is not typically used for clinical assessment, but
it has been used for reporting experimentally-evoked pain in
research studies, and has been extensively used in previous
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Pain Intensity Scale

0 10 20

No sensation Warm A barely painful sensation

60 70 80

30 40 50

Very weak pain Weak pain Moderate pain

90 100

Slightly strong pain Strong pain

Very strong pain

Nearly intolerable pain Intolerable pain

Figure | Numerical pain intensity scale. Participants were informed how to use the scale during the training session. Although participants were encouraged to rate their
pain in increments of 5 (ie 5, 20, 35, etc), they were not corrected if they used other values (ie 17, 33, 46, etc). The threshold for painful sensation is 20.

pain fMRI studies involving HC and FM study groups because
it allows for reporting of non-painful sensations as well, such
as after-sensations.'®**** After participants understood how
to use the scale, a series of calibration tests were conducted
with varying stimulus temperatures (between 40 °C and 52 °C)
so that participants could become accustomed to the thermal
stimulation, and to rating the intensity of the pain that they
experienced. In both the training and fMRI sessions, the
thermal heat stimulus was administered to the thenar eminence
of each participants’ right hand (see fMRI paradigm for study-
specific details). Thermal heat stimuli were used to elicit pain
in both studies because they can be applied in the MRI
environment, they can be calibrated to each participant’s
pain sensitivity, and they can be applied to a relatively large
region of skin to evoke a robust BOLD response. During the
training session, the participants were instructed to verbally
call out the intensity of the pain felt after each heat contact
based on the NPS. These training sessions were also used to
calibrate the temperature to be used during the fMRI studies in
order to elicit a rating of 50 = 10 NPS units for the participant.
The goal was to have every participant subjectively feel
a similar intensity of pain.

To complete the training session, each participant under-
went a mock scan in our sham MRI and experienced at least
one run of the experimental fMRI stimulation paradigm.
Familiarizing the participants to the MRI environment
beforehand has been found to help reduce participants’ anxi-
eties, and to ensure that the participant understands the fMRI
paradigm and the importance of lying still, which reduces the
potential for confounds.*>*° If necessary, the mock scanning
session was repeated until the participant was confident in
their understanding of the experimental protocol.

fMRI Paradigm

Study |

Imaging runs were separated into two study conditions:
temporal summation of second pain (TSSP) and TSSP-
Control (TSSP-C). Five imaging runs for each condition
were implemented in a randomized order, and a minimum
of 2 minutes of rest was given between each run. The two
study conditions differed in experimental heat stimulation.
For the TSSP condition, 11 heat spikes with the previously
calibrated temperature to elicit a rating of 50 + 10 NPS units
were applied every 3 seconds, which has been shown to
induce temporal summation of pain.'®!” The TSSP condi-
tion’s stimulation period was preceded by a 52-second rest
period and followed by a 65-second rest period (Figure 2). In
the TSSP-C condition, 11 heat spikes with the same tem-
perature as the TSSP condition were applied every 6 sec-
onds, which does not induce temporal summation of
pain.'®!"® The TSSP-C condition’s stimulation period was
preceded by a 19-second rest period and was followed by
a 65-second rest period. In this way, both study conditions
consisted of imaging runs lasting 150 seconds. The heat
stimuli were provided by an MRI-compatible Peltier ther-
mode (Medoc®, Ramat Yishai, Israel), which was attached
to the thenar eminence of the participants’ right hands.
During heat stimulation, the temperature was rapidly raised
and lowered under computer control on the Medoc® device.
Similar to the training session, participants viewed instruc-
tions on a rear-projection screen which notified them when
a new scan was about to begin, when the application of the
heat stimulus would begin, and when to report their ratings
for the first and last heat contacts (Figure 2). Because of the
present study’s objective, only the data from the TSSP
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Study 1

Pre-Stim

Stim

Post-Stim

Study 2

Pre-Stim

Stim

Post-Stim

120 s

30s

120 s

Figure 2 fMRI paradigms for Study | and Study 2. Functional imaging runs in Study | were 150 seconds long, and the heat pain was administered as || consecutive heat
spikes over a span of 33 seconds. Functional imaging runs in Study 2 were 270 seconds long, and the heat pain was administered as |0 brief heat contacts over a span of 30
seconds. Letters indicate different prompts being delivered to participants over the rear-projection screen. A = “you will feel heat” B = “the pain stimulus will beginin 3 ...

2...1...” C = “please provide your first and last pain ratings.”.

condition, which was the condition that elicited pain in all
participants, were used for the analyses.

Study 2

In this study, a “threat/safety” paradigm was employed. The
imaging runs were separated into two study conditions: “Stim”
and “Rest”. Four to five imaging runs for each condition were
obtained in a randomized order, and a minimum of 2 minutes
was given between stimulation periods in successive runs.
A rear-projection screen was used to inform the participants
when the next imaging run would begin (Figure 2). After 60
seconds of baseline scanning, participants were informed
whether that run would involve the thermal heat stimulation
(Stim) or not (Rest). If it was a Stim run, the participants were
also informed when the stimulation was to begin at the 120-
second mark. During Stim runs, 10 heat contacts using the
calibrated temperature were administered over 30 seconds.
This 30-second stimulation period was followed by a 120-
second rest period, for a total time of 4 minutes and 30 seconds
(Figure 2). At the end of the Stim runs, the participants were
prompted to provide their pain ratings for the first and last heat
contacts, via an intercom. For the Rest condition, the partici-
pants were informed at the 60-second mark that they would
not be feeling the stimulation during that run. Instead, they
were instructed to lie as still as possible for the remainder of

the imaging run. The Rest runs also spanned 4 minutes and 30
seconds. In this study, the thermal heat contacts were adminis-
tered via an MRI-compatible Robotic Contact-Heat Thermal
Heat Stimulator (RTS-2) which pneumatically raises and low-
ers a heated aluminum thermode to make contact with the
participants’ skin, and is precisely controlled using software
written in MATLAB (Mathworks Inc., Natick, MA). Aside
from when participants were being provided with information,
the rear-projection screen continuously displayed the NPS.
Because of the present study’s objective, only the data from
the Stim condition, which was the condition that elicited pain
in the participants, were used for the analyses.

fMRI Data Acquisition

Study | and Study 2

All image data were acquired using a 3 tesla whole-body
MRI
Erlangen, Germany). Participants were positioned supine

system (Siemens Magnetom Trio; Siemens,
and were supported by foam padding as needed to ensure
comfort and minimize bulk body movement. A sagittal,
T1-weighted structural image with 1 x 1 x 1 mm® resolu-
tion was obtained at the beginning of the imaging session
using an MPRAGE sequence (TR = 1760 ms, TE = 2.2
ms, Inversion Time = 900 ms, Flip Angle = 9°). The
imaging window spanned from the top of C1 to the top
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of the cortex (although degree of inclusion depended on
participants’ head size).

Study |

Functional images were acquired in 49 contiguous axial
slices oriented parallel to the anterior commissure-
posterior commissure (AC-PC) line using a gradient-echo
echo-planar imaging (GE-EPI) sequence (TR =3 s, TE =
30 ms, Flip Angle = 90°, FOV = 192 mm x 192 mm,
Matrix = 64 x 64, Resolution = 3 x 3 x 3 mm’). A 12-
channel head coil was used for detection of the MRI
signal, with a body coil for transmission of RF pulses.
A total of 50 volumes were acquired for each imaging run,
and multiple runs were acquired in each participant.

Study 2

Functional images were acquired in 66 contiguous axial slices
using a GE-EPI sequence (TR =2 s, TE = 30 ms, Flip Angle
= 84°, Multiband = 3, 7/8 Partial Fourier, FOV = 180 mm
x 180 mm, Matrix = 90 x 90, Resolution =2 x 2 x 2 mm3).
A 32-channel head coil was used for detection of the MR
signal, with a body coil for transmission of RF pulses. A total
of 135 volumes were acquired for each imaging run, and
multiple runs were acquired in each participant.

Data Preprocessing and Analysis
Preprocessing of Study | and Study 2 Datasets
Functional MRI data from both studies were preprocessed
using SPM12 software (Wellcome Institute of Cognitive
Neurology, London, UK). The data were converted to
NIfTI format,

registered to their anatomical images, and normalized to

motion and slice-time corrected, co-

the MNI template (Montreal Neurological Institute,
Montreal, Quebec). Additional noise modeling and
removal was carried out for each fMRI run by 1) extract-
ing data from only white-matter regions in spatially nor-
malized data (based on templates included with the
SPM12 software), 2) identifying the first three principal
components of the time-series responses as models of
global noise, and 3) fitting and subtracting these models
from the data in all voxels. Model-driven and data-driven
analyses of the pre-processed data were conducted using
custom written software in MATLAB (Mathworks Inc.,
Natick, MA). Due to the differences in experimental
setup, the two datasets were analyzed separately, but in
an identical manner. Analysis scripts and fMRI data (in

anonymized form) are freely available upon request.

Characteristic Comparisons of Study | and Study 2

Individual demographic variables (age, sex, body mass
index (BMI)), questionnaire scores (STAI, SDS, BDI,
PCS), and individual pain sensitivities (average last pain
rating + average temperature received) from each dataset
were compared using Student’s #-tests to determine if there
were significant differences between the datasets that
could potentially explain the fMRI results.

Model-Driven fMRI Analyses

BOLD responses were predicted by convolving the stimu-
lation paradigms for each study with the canonical hemo-
dynamic response function and were fit to voxel time-series
responses for each voxel, by means of a GLM. For indivi-
dual analyses, the average BOLD time-series data for each
voxel were extracted by averaging the voxel data across the
4 or 5 imaging runs for each participant (from either the
TSSP or Stim conditions). Weighting factors () for every
voxel were calculated by fitting the averaged voxel time-
series with the predicted model. T-scores for each voxel
were computed to determine the significance of the fit,
and a map of #-values was created. Group-level analyses
were also carried out by averaging the voxel time-series
data from all participants in the same group. Weighting
factors at the group-level were then computed, using the
same predicted BOLD responses as for the individual ana-
lyses, and group-level #-scores for every voxel were
obtained. Significance was inferred at a family-wise error
rate (FWER) corrected prwer < 0.05, with Gaussian ran-
dom field (GRF) theory used to estimate the smoothness of
the data and the number of independent comparisons being
made. The smoothness and significance threshold (uncor-
rected p <4.5 x 10°°) were determined using data from one
healthy control participant as being representative of all
datasets, and the same threshold was used for all GLM fits
for consistency. Student’s ¢-tests were performed on the
group-level B-values to determine if there were any signifi-
cant differences between the two study groups in each
dataset.

Data-Driven fMRI Analyses

Structural equation modeling is a data-driven statistical
analysis method that, in the context of fMRI, can be
used to identify coordinated BOLD responses across
regions, given the assumption that input signaling to
a region is the sum of signaling from other regions within
a network.*® Analysis of fMRI data using SEM requires
the use of a pre-defined anatomical model. The pre-defined
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anatomical model used for these analyses included the
anterior cingulate cortex (ACC), amygdala (Amg),
Heschl’s gyrus (HG), hippocampus (Hipp), hypothalamus
(Hyp), insular cortex (IC), nucleus accumbens (NAc),
periaqueductal gray matter (PAG), posterior cingulate cor-
tex (PCC), prefrontal cortex (PFC), thalamus (Thal), and
ventral tegmental area (VTA), and the -connectivity
between these regions was determined based on numerous
sources (Figure 3).>'*’*° These 12 regions were chosen
because they have been consistently identified in previous
pain fMRI studies, and their involvement in pain proces-
sing has been extensively described.'*'®?°°° However,
Heschl’s gyrus, which is not typically associated with
pain processing, was included because it was observed to
be of interest in our group’s previous studies of music
modulation of pain. The same pre-defined model was
used for all datasets. For both the model-driven and data-
driven analyses, brain regions were defined in spatially
normalized data using the anatomical templates included
with the CONN15e software package.”!

Group-level time-series data were extracted for each
voxel within the anatomical regions associated with the

ACCI= lPcch

L[PFCf——=

N
| o
L

> NAC |

A
A 4

A A 4

=
>
D)

1

A 4

Hyp

Figure 3 Pre-defined anatomical model for the SEM analysis. Lines depict which
region is the source, arrowheads depict which region is the target. If lines contain
an arrowhead on each end, then it is known that the two regions involved in the
connection influence signaling in both directions.

Abbreviations: ACC, anterior cingulate cortex; Amg, amygdala; HG, Heschl’s
gyrus; Hipp, hippocampus; Hyp, hypothalamus; IC, insular cortex; NAc, nucleus
accumbens; PAG, periaqueductal gray; PCC, posterior cingulate cortex; PFC, pre-
frontal cortex; Thal, thalamus; VTA, ventral tegmental area.

pre-defined anatomical model. Each region was further
divided into 7 subregions based on voxel time-series prop-
erties using k-means clustering (except for the VTA which
was only divided into 4 subregions due to its size). This
subdivision is necessary because it groups voxels within
each subregion based on BOLD time-series responses (ie
based on function) which also helps to separate function-
ally relevant voxels from non-relevant voxels (ie voxels
dominated by physiological noise). Furthermore, the 12
regions included in the pre-defined model are implicated
in a number of functions, so it is unlikely that all subre-
gions will be involved with pain processing.**>® The
average BOLD time-course responses were calculated for
each subregion for subsequent SEM analysis.

The BOLD time-course response in each “target” subre-
gion (i.e. sub-set of a region) was fit to the BOLD responses in
the modelled “source” subregions, by means of a GLM. The
linear weighting factors represent the connectivity from each
source subregion to the target subregion. For the purposes of
this analysis, we refer to the linear weighting factors as “Bsgnm”,
to distinguish them from the B-values of the GLM fit in the
model-driven analyses. For example, if region A receives input
signaling from regions B and C, and the BOLD signal time-
series responses in these regions are S, Sp, and Screspectively,
then Sy = B4 Sp + Pac Sc + e4 Where e is the residual signal
variation that is not explained by the fit. Using our previously
validated approach, every combination of network connections
within the pre-defined anatomical model were investigated,
and the connections that yielded the best fits to the measured
data were identified.** > The fitting procedure was applied to
one target subregion at a time, with one combination of source
subregions at a time.

Dynamic variations in linear weighting factors (Bsgm)
were also identified by analyzing data spanning 45 seconds
(15 volumes for Study 1 datasets, 23 volumes for Study 2
datasets). The two epochs of interest were “Before
Stimulation” (ie a 45-second window before the start of
the stimulation period) and “During Stimulation” (ie a 45-
second window containing the entire stimulation period).
The goodness-of-fit was determined by computing the
amount of variance in each target region that is explained
by the fit, expressed as the R*-value. The significance of
the fit was estimated by converting the R-value to
a Z-score by means of the Fisher Z-transform. The sig-
nificance (p-value) was estimated using numerical simula-
tions of the Z-value distributions obtained with the same
network parameters, using normally-distributed random
data, as described previously.>® Additionally, one source
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region at a time was omitted from the network and the
fitting processes were recalculated, in order to identify
significant contributions to the overall fit. Network com-
ponents were inferred to be significant at a FWER cor-
rected prwrr < 0.05, accounting for the total number of
network combinations that were tested across combina-
tions of anatomical subdivisions.

In order to identify significant differences in connectivity
between the HC and FM groups, the SEM results from the two
epochs were further compared using analyses of covariance
(ANCOVA) which specifically looked for connectivity differ-
ences based on participant group, individual pain sensitivity, as
well as group X sensitivity interaction effects. Each partici-
pant’s pain sensitivity was calculated by dividing their average
last pain ratings during the fMRI runs by the average stimula-
tion temperature received during those same runs (ic pain
rating + temperature = pain sensitivity). The ANCOVA was
applied to the Bsgn-values of each participant as the dependent
variable, while individual pain sensitivity was used as
a continuous independent variable, and the study group (HC
or FM) was used as a discrete independent variable.
Significance was inferred at a FWER controlled ppwgr <
0.05, which was Bonferroni corrected to account for the multi-
ple subregions and connection comparisons (uncorrected p <
1.07x 107%).

Additional Analysis of Model-Driven Results

For consistency, the model-driven results were further ana-
lyzed using an ANCOVA which, similar to the data-driven
analyses, specifically looked for differences in GLM j-
values based on the participant group, individual pain sensi-
tivity, and group X sensitivity interaction effects. Like the
data-driven analyses, this analysis only included data from
the regions and subregions associated with the predefined
anatomical model (12 regions, 81 subregions total). For each
participant, all of the model-driven B-values from the voxels
associated with each specific region/subregion combination
within the predefined anatomical model were averaged
together so that each participant had one B-value per sub-
region. The averaged B-values for each individual for each
subregion were used in the ANCOVA, along with each
individual’s pain sensitivities. Significance was inferred at
a FWER controlled prwrr < 0.05, which was Bonferroni
corrected to account for the multiple comparisons due to the
total number of subregions being compared (uncorrected p <
6.17 x 10~*). Similar to the other analyses, the two studies
were analyzed separately.

Results

Participant Characteristics

Independent #-tests of the participant characteristics iden-
tified similarities and differences between the study groups
in each dataset, and the two studies as a whole (Table 1).

Study |

There were no significant differences between the ages (p =
0.95) or the final pain ratings (p = 0.79) between FM and HC
groups. However, consistent with previous findings, there was
a significant difference in stimulus temperatures between the
two groups (p = 0.01). There were also significant differences
in BMI (p = 9.10 x 107>), as well as questionnaire scores for
STAI (pstary1 = 0.02, pstary2 = 0.01), BDI (p=2.80 x 10°),
and PCS (protar = 0.03, Prciplessness = 0.02) between the two

groups.

Study 2

Unlike Study 1, a significant difference in participant age was
found between the FM and HC groups (p = 0.01). Similar to
Study 1, there was not a significant difference in final pain
ratings between the two groups (p = 0.88). Consistent with
Study 1 and with previous studies, there was also a significant
difference in stimulus temperatures between the two groups (p
=1.31 x 10™%). There were also significant differences in the
BDI (p = 0.02) and PCS (o = 1.90 X 10, prumination = 8-50
X 107>, Prvagnification = 5:10 X 107, Prreiplessness = 2:30 x 107°)
questionnaire scores between the two groups.

Between Studies

There were significant differences in questionnaire scores for
SDS (p = 8.4 x 10™*). There were also significant differences
in the quantitative sensory results (ppan = 3.10 x 107,
Premperature = 4.20 X 107, Psengitivity = 8-40 x 10~%) between
Study 1 and Study 2.

Model-Driven Analyses

Model-driven GLM analyses revealed regions with BOLD
signal time-courses that significantly fit the pre-defined
models in all 4 study groups (Figure 4).

Study |

Multiple regions significantly fit the GLM in both the HC1
and FM1 groups (Figure 4). Although the uncorrected
Student’s #-test comparison of these two study groups
identified voxels with differences (Supplementary 1),

after appropriate correction, no voxels with significant
differences between the HC1 and FM1 groups were iden-
tified (Figure 5).
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Table 1 Comparison of Participant Characteristics
Study | Study 2
HCIn=15 FMI n=15 HC2n=11 FM2n =15
Demographics
Age 39.13 + 10.25 3893 677 © 3646+ 11.33° 4927 £ 12,57 °¢
BMI 23.90 + 4.03 2926 £ 6.12° 28.24 + 461 ¢ 29.13 £ 7.50
Questionnaire Scores
STALYI 33.13+ 128772 4485 £ 12.12* 32.18 £ 11.15 36.47 £ 10.48
STAL_Y2 37.87 £ 125472 50.15+£ 119172 3491 £ 11.28 43.27 £ 9.84
SDS 15.53 £ 6.12 13.39 £+ 5.38 ¢ 19.55 * 5.89 20.40 £ 5.59 ©
BDI 880 £829° 2223 £ 1201 ® 673 £10.10° 18.13 + 13.37°
PCS
Total 1593 + 1381 * 26.15 +997° 744 + 648 ° 21.64 + 1257 °
Rumination 6.53 + 436 9.31 £+ 3.59 344+332° 843 +491°
Magnification 3.20 £ 3.4 531 £ 28I 133£1.32° 379 £242°
Helplessness 6.20 £ 6.62° 11.54 £5.09 267 +245° 943 +643°

Quantitative Sensory Results

Final Pain Ratings
Temperature
Sensitivity

51.57 £ 10.23 ¢
48.48 + 1.69
1.07 £0.22¢

50.53 + 10.79
45.83 £ 3.4] *©
1.1l £0.27 ©

41.91 £9.23¢
51.00 % 0.92 ®
0.82+0.18 ¢

42.54 % 12.08
48.00 + 2.21 °°
0.89 £ 0.27 ©

Notes: All values are indicated as mean (M) * standard deviation (SD). Independent t-tests were conducted to determine if any significant differences between the four
study groups and the two study datasets existed. “Significant differences between HC| and FMI groups at p < 0.05. "Signiﬁcant differences between HC2 and FM2 groups at
p < 0.05. Significant differences between FM| and FM2 groups at p < 0.05. %Significant differences between HC I and HC2 groups at p < 0.05. Bold values indicate significant
differences between Study | and Study 2 datasets at p < 0.05.

Abbreviations: BMI, body mass index; STAI, State-Trait Anxiety Inventory; SDS, Social Desirability Scale; BDI, Beck Depression Inventory; PCS, Pain Catastrophizing Scale.

Study 2 voxels with group differences (Supplementary 1), but no
Similar to the results from Study 1, multiple regions sig-  voxels with significant differences between the HC2 and
nificantly fit the GLM in both the HC2 and FM2 groups FM2 groups were identified after appropriate statistical
(Figure 4). The uncorrected Student’s #-test identified correction (Figure 5).

Slice 39  Slice 45  Slice 65

Figure 4 Selected slices showing voxels with significant fits to the GLM from the model-driven analyses for each study group. Color indicates significance of the voxel’s fit to
the GLM based on the t-scores in the color bars adjacent to the slices. Only significant voxels are shown. The diagram on the right shows the location of each selected slice
within the brain. Slice 39 is blue. Slice 45 is red. Slice 65 is green.
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Study 1

FM1 vs HC1

Study 2

FM2 vs HC2

Figure 5 Comparison of group-level GLM results from the model-driven analyses. Study | compares HCI| and FMI results. Study 2 compares HC2 and FM2 results. Voxels
that were significantly different between the HC and FM groups would have been indicated in color, based on the color bars that represent t-scores adjacent to the slices,
but no significant differences were found. The t-threshold for significance was * 5.41 for Study |, and  5.61 for Study 2. The diagram on the right shows the location of each

selected slice within the brain. Slice 39 is blue. Slice 45 is red. Slice 65 is green.

Data-Driven Analyses

The SEM analyses identified specific networks in all 4
study groups in both the “Before Stimulation” and
“During Stimulation” time periods (Figure 6).

Study |

The SEM networks in the HC1 and FM1 study groups were
similar in both the “Before” and “During” stimulation time
periods (Figure 6). The only noticeable differences between

Study 1 Healthy Controls
Before Stimulation During Stimulation

the two study groups appears in the “Before Stimulation”
networks, in which two prominent descending connections
from the PFC to the hypothalamus are seen in the HC group,
but not in the FM group (Figure 6).

Study 2

As in Study 1, the overall structures of the networks appear
similar (Figure 6). The most prominent difference between
the two groups is the descending connection from the ACC to

Study 2 Healthy Controls

Before Stimulation During Stimulation

ACC PC ACC PCC

ACC PCC

Fibromyalgia
Before Stimulation During Stimulation

Fibromyalgia
Before Stimulation During Stimulation

ACC PCC ACC PCC

ACC PCC ACC PCC
o I 0 R

A! "33 AN

Y i e

PAG PAG PAG

e . - " . N
Anatomical Significant S Positive Negative

\Legend Region D Connection Source  Target Bseu Bseu )

Figure 6 Structural equation modeling diagrams identifying the significant connectivity networks within each participant group, in each study, in each time period analyzed.
Lines represent significant connections. Circles represent the connection’s source region; the end of the line represents the connection’s target region. Line thickness is
related to the size of the linear weighting factor (Bsgm) calculated, and line color indicates if the calculated Bsenm is positive (blue) or negative (red). The significant connections
are shown at a family-wise error rate (FWER) corrected ppwer < 0.05. Abbreviations for each region are described in the text (see Data-driven fMRI analyses section).
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the amygdala in the “Before Stimulation” period, which is
negative in the HC group and positive in the FM group
(Figure 6).

Between Studies
Overall, there is a high degree of similarity between the
SEM networks in Study 1 and Study 2 (Figure 6).

ANCOVA of Data-Driven Results

Analyses of covariance of the SEM results identified sig-
nificant connections in both Study 1 and Study 2, in both
the “Before Stimulation” and “During Stimulation” time
periods. Significant connections were detected which
depended on the participant group, on individual pain
sensitivity, and were observed to have group/sensitivity
interaction effects (Figure 7, Tables 2 and 3)

Study |
In the “Before Stimulation” time period, the majority of the
significant group-dependent connections were connections

Before Stimulation

within the forebrain, and most of these connections
involved the thalamus (Figure 7, Table 2). Connections
that were identified to have group/sensitivity interactions
in this time period also involved the thalamus (Table 2). In
the “During Stimulation” time period, the majority of the
group-dependent connections were between cortical
regions (Figure 7, Table 3). However, unlike the “Before
Stimulation” period, the thalamus was not as integral.
Instead, the majority of connections involved influences
from the insula or the amygdala (Figure 7, Table 3). Two
connections were also identified which were significantly
dependent on group X sensitivity interactions, both invol-
ving the hippocampus (Table 3). The ANCOVA also iden-
tified connections that were dependent on individual pain
sensitivity, independent of the group (Tables 2 and 3).
Interestingly, the majority of the connections in the period
before stimulation involved the hippocampus, whereas the
thalamus was involved in most of the sensitivity-dependent
connections during stimulation (Tables 2 and 3).

Study 1 Study 2
ACC PCC ACC PCC
J(8)
PFC PFC IC  HG
@\E )
Thal Hipp
NAc NAc(_ ) Amg
Hyp Hyp(] (JVv1A
PAG PAG
During Stimulation
Study 1 Study 2
ACC PCC ACC PCC

PFC

NAc

() () ViA  Hp(J (] [Jvia
PAG PAG
Anatomical Significant o
[ Legend Region C] Connection  Source Target ]

Figure 7 Connections with a significant main effect of the group, as identified by ANCOVA of data-driven SEM results, for both studies in each time period analyzed. Lines
represent significant group-dependent connections. Circles represent the connection’s source region; the end of the line represents the connection’s target region.
Significant connections are shown at a family-wise error rate (FWER) corrected ppwer < 0.05. Abbreviations for each region are described in the text (see Data-driven fMRI

analyses section).
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Table 2 Comparison of “Before Stimulation” ANCOVA Results

from Data-Driven Analyses

Table 2 (Continued).

Study | Study 2
Study | Study 2 udy udy
S T t T-Val T-Val
Source Target T-Value(s) T-Value(s) ource arge alue(s) alue(s)
Name Name(s)
Name Name(s)
K PFC Thalamus 4.00
Group-Dependent Connections
Thalamus Hippocampus 4.78; 4.59 4.37
ACC IC 4.82; 3.99
IC 4.72
Amygdala Hypothalamus 3.99 Notes: To be considered significant, t-values needed to surpass the threshold of 3.97
Thalamus 5.12 (equivalent to family-wise error rated corrected prwer < 0.05). If there were multiple significant
connections between two regions, the t-values for each were listed. Abbreviations for each
Hippocampus | Amygdala 4.54 4.80; 4.00 region are described in the text (see Data-driven fMRI analyses section).
Thalamus 5.66; 4.77;
4.37; 427
Table 3 Comparison of “During Stimulation” ANCOVA Results
NAc Thalamus 4.89; 3.99 from Data-Driven Analyses
PAG Hypothalamus | 4.68 Study | Study 2
Thalamus 4.36; 4.09 5.09
Source Target T-Values(s) T-Value(s)
PCC Thalamus 4.58; 4.42; Name Name(s)
4.25; 4.04
Group-Dependent Connections
PFC Thalamus 4.67; 4.03
ACC Amygdala 4.67; 4.50
Thalamus ACC 450 IC 5.63; 5.22; 4.89;
Hippocampus 4.09 4.29; 4.16
IC 4.49
Amygdala NAc 5.32; 431
VTA Hippocampus 4.77 Thalamus 4.40
Sensitivity-Dependent Connections Hippocampus | Amygdala 4.29; 4.21; 4.21
Thalamus 433
ACC IC 4.08
IC Amygdala 4.93; 4.80
Amygdala Hippocampus 4.17; 4.17
NAc Thalamus 4.09
Hippocampus | Thalamus 5.09; 4.60; 4.12
PAG Thal 424 PCC Hippocampus | 4.08 4.12
alamus : Thalamus 5.80
pcc AccC 4.34 PFC Thalamus 425
Thalamus 4.74
Thalamus ACC 4.20
PrC Thalamus 62l IC 4.60; 4.29; 401 465
Group/Sensitivity Interaction-Dependent Connections VTA Amygdala 409
ACC IC 474 542; 4.13 Hippocampus | 4.20
HG IC 442; 4.16 436 Sensitivity-Dependent Connections
Hippocampus | Thalamus 4.03 ACC Amygdala 423
IC 4.20
NAc Thalamus 4.25
Hippocampus | Amygdala 4.55
PAG Thalamus 4.64 Thalamus 4.57; 4.09; 4.08; 4.00
PCC ACC 4.03 IC Amygdala 5.25; 4.86
Hippocampus 4.00 4.10
Thalamus 4.86 482 4.14 PCC ACC 4615457
Thalamus 4.62
(Continued)
(Continued)
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Table 3 (Continued).

Study | Study 2

Source Target T-Values(s) T-Value(s)
Name Name(s)
Thalamus IC 4.72; 4.40
Group/Sensitivity Interaction-Dependent Connections
Amygdala Hippocampus | 4.34
HG IC 4.96
Hippocampus | Amygdala 4.04; 4.00
IC ACC 5.07
PCC ACC 427

Hippocampus 4.48
PFC Thalamus 4.80
Thalamus Hippocampus | 4.53 4.15

Notes: To be considered significant, t-values needed to surpass the threshold of 3.97
(equivalent to family-wise error rated corrected peyer < 0.05). If there were multiple significant
connections between two regions, the t-values for each were listed. Abbreviations for each
region are described in the text (see Data-driven fMRI analyses section).

Study 2
Similar to Study 1, the majority of the group-dependent
connections in the “Before Stimulation” time period
involved the thalamus (Figure 7, Table 2). The group
X sensitivity interaction results also identified a number
of connections, with most involving either the thalamus,
insula, or the PCC (Table 2). In the “During Stimulation”
time period, the thalamus was again involved in the major-
ity of the group-dependent connections (Figure 7, Table 3).
The ANCOVA also identified 8 connections with group
X sensitivity interactions, and the hippocampus was
involved in 4 of them (Table 3). There were also signifi-
cant connections between regions based on individual pain
sensitivity. The ANCOVA identified 4 significant connec-
tions in the “Before Stimulation” time period, and 5 con-
in the

Interestingly, 4 out of 5 of the identified connections dur-

nections “During Stimulation” time period.

ing stimulation involved the amygdala (Tables 2 and 3).

ANCOVA of Model-Driven Results

Analyses of covariance of the model-driven B-values with
individual pain sensitivities revealed multiple regions from
the predefined anatomical model with subregions that had

group-dependent, sensitivity-dependent or group
X sensitivity interaction-dependent results (p < 0.05) in both
Study 1 and Study 2 datasets. However, after correcting for
multiple comparisons, no significant results were found in

either dataset.

Discussion

The aim of this study was to investigate whether alterna-
tive, data-driven approaches to fMRI data analysis could
provide more information about altered pain processing in
people with fibromyalgia and healthy controls than the
standard, model-driven approaches in which the BOLD
responses associated with pain processing are predicted
based off of peripheral stimulation paradigms. A number
of alternative analysis methods exist, but for this study we
compared the model-driven GLM method to a data-driven
SEM method that has been optimized by our lab.>® To test
our hypothesis that the standard model-driven method is
limited in its ability to reveal differences in pain proces-
sing between participants with fibromyalgia and healthy
controls, we re-analyzed data from two different pain
studies conducted by our lab using both methods and
compared the results.

Model-Driven Results

Analysis of the fMRI datasets using the model-driven
approach identified a number of regions in both the HC and
FM groups that significantly fit the predicted BOLD response
models (Figure 4). There was also a high degree of overlap in
the regions that significantly fit the predicted models across
the two study groups, suggesting that this analysis method is
not severely impacted by differences in acquisition para-
meters (Figure 4). Most importantly, when the results of the
two groups in each study were compared (ie HC1 to FMI,
and HC2 to FM2), no voxels were found to be significantly
different (Figure 5). For comparison consistency, the model-
driven results were further analyzed using ANCOVA in an
identical manner as the data-driven results. Although some
regions within the predefined model had significant group-
dependent, sensitivity-dependent and group X sensitivity
interaction-dependent effects, none of these results persisted
after correcting for multiple comparisons. These results are
consistent with previous studies, and further support the
previous finding that when HC and FM groups experience
the same subjective levels of pain, there are no differences in

pain processing within cortical regions,*®1%16:18-2024
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Data-Driven Results

Although the model-driven analyses did not identify signifi-
cant differences between the HC and FM groups, the data-
driven analyses identified connections with significant main
effects of the study group in both studies, and in both time
periods. These group-dependent connections were not the
same across datasets. A number of explanations for these
differences exist, including the differences in study design
and data acquisition previously mentioned. Although the
group-dependent connections were different in the two stu-
dies, these differences do not affect the validity of our find-
ings because the results from the model-driven analyses were
observed to be very similar. Instead, we argue that these
inconsistencies highlight the enhanced sensitivity that data-
driven analyses have over model-driven methods.

Even though the connections with significant main
effects of study group were different across the two stu-
dies, a number of the same regions were involved. For
example, in both datasets, significant main effects of the
study group were detected in connections to the thalamus
from several cortical regions and the PAG, in the period
before the noxious stimulation. The thalamus is the major
relay between the cortex and the brainstem/spinal cord.>
These group differences in thalamic connectivity in the
period preceding stimulation could be influencing future
pain perceptions, and thus may contribute to the heigh-
tened sensitivity to pain associated with FM. The group-
dependent connections during the stimulation period
mainly involved different regions in the two datasets. In
Study 1, the insula and amygdala were involved in the
majority of the group-dependent connections whereas the
majority of the group-dependent connections in Study 2
involved the amygdala and thalamus. The insula and
amygdala are both known to be involved in emotional
3335 Although
dependent connections in each dataset were different, the

processing and salience. the group-
results suggest that the participants with FM may have
been experiencing abnormal emotional responses to the
painful stimulation which could have influenced their
pain perceptions. Analyzing the relationship between the
group-dependent connections and abnormal pain proces-
sing in FM is beyond the scope of this paper, but these

preliminary findings warrant further investigation.

The Complexities of Pain
A likely explanation for the discrepancy between the
model-driven and data-driven results stems from the

complexity of pain processing. Pain involves both contin-
uous and reactive components that are influenced by emo-
tion, saliency, and the environment, with a high degree of
individual variability.*' * These characteristics make pre-
dicting pain responses difficult, and evidence that BOLD
responses to painful stimuli do not follow models based on
the timing of peripheral stimulation alone have been pre-
viously discussed.***>-*° In the present study, a number of
the regions that significantly fit the predicted BOLD
responses consistently across study groups and datasets
were the same regions consistently found to be associated
with the “pain matrix”, such as the insula, ACC, S1, and
S2.°"*® However, these same regions were identified in
fMRI studies using both noxious and non-noxious external
stimuli when the data were analyzed using model-driven
methods based on the stimulation paradigms.’’>° This is
consistent with the assertion from other research groups
that the previously-identified “pain matrix” may be more
accurately described as a “saliency matrix”.>%>°

If model-driven analyses are highlighting saliency, then
it stands to reason that when previous FM pain studies did
not detect significant differences between the HC and FM
groups within cortical regions, it may have been inaccurate
to conclude that there were no differences in pain proces-
sing between the HC and FM groups.* ¢!>-16-18:1924 A more
accurate interpretation would have been to conclude that
there were no consistent differences in the saliency of the
stimuli between the two groups. To study all aspects of pain
processing, and not just the aspects related to saliency, it
appears that data-driven analysis methods are required.

This does not mean that we can conclude that the
saliency aspects of pain processing in FM are normal.
On the contrary, because the stimulus intensities consis-
tently needed to be increased in the HC groups to elicit
subjectively equal levels of pain, there is likely an abnorm-
ality in the saliency aspect of pain processing as well,
however an alternative experimental approach would be
required to detect it. Instead of eliciting subjectively equal
levels of pain in each study group, as in this study, it
would be interesting to investigate how administering
equivalent stimulus temperatures in each group would
affect the model-driven and data-driven results. Prior stu-
dies utilizing model-driven analyses have already detected
differences between HC and FM groups when the stimulus
intensities were the same, and a recent study has also
reported evidence for differences in saliency detection

between HC and FM groups.'**°
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Participant Characteristics
As shown in Table 1, both studies were successful in elicit-
ing similar pain ratings between the two study groups.
However, only Study 1 successfully age-matched the parti-
cipant groups. The FM2 group was approximately 12.8
years older than the HC2 group. Consistent with previous
findings, although the pain ratings were not significantly
different between the two groups of each study, the tem-
peratures required to elicit them were higher in the HC1 and
HC2 groups by 2.65 °C and 3 °C, respectively. These results
highlight the phenomenon of thermal hyperalgesia in the
FM groups, which is a common symptom of FM.
Interestingly, there was a striking difference between
the quantitative sensory results of both studies. The aver-
age pain ratings from Study 1 were 51.6 + 10.2 and 50.5 +
10.8 in the HC1 and FM1 groups, respectively. In Study 2,
the pain ratings were much lower, being 41.9 + 9.2 in HC2
and 42.5 + 12.1 in FM2. Paradoxically, the stimulus tem-
peratures were higher in Study 2 than they were in Study
1, even though the pain ratings were lower. It is possible
that the participants in Study 2 simply had lower pain
sensitivities than the participants in Study 1 (Table 1),
however it is more likely that these results are due to the
differences in stimulation devices between the two studies.
Study 1 used a Medoc® Peltier thermode that was con-
stantly attached to the participants’ skin, whereas Study 2
used a robotic device that made repeated brief heat con-
tacts with participants’ skin. Rapidly increasing and
decreasing the temperature of a thermode which is con-
stantly in contact with the participants’ hands (Study 1)
produces a different stimulation effect than administering
repeated brief heat contacts (Study 2). These differences
likely account for the discrepancy in quantitative sensory
results between the two studies. Nevertheless, the objec-
tive of this study was to determine whether data-driven
analyses could provide more information about altered
pain processing than model-driven analyses when studying
pain fMRI data. Because both studies successfully elicited
pain in their participants, and the studies were analyzed
separately but in an identical manner, the results from
these analyses were still able to determine that the data-
driven SEM method provided more information about pain
processing than the model-driven GLM method.

Limitations
Although this paper highlights the utility of SEM as an
alternative, data-driven analytical approach to fMRI pain

data, this method has a number of limitations. Structural
equation modeling requires a pre-defined anatomical
model. Our model includes a number of regions associated
with pain processing, but did not contain all possible regions
(most importantly the primary somatosensory cortex (S1)).
Therefore, this model is incomplete and may not reveal all
relevant connectivity. There were also unintended differ-
ences in sample size and group age in Study 2, which have
to be noted as potential confounds to our results.
Furthermore, there were distinct differences in personal
characteristics between the participants in the two studies
which may also influence our findings. However, due to the
larger differences between the study designs of the two
studies, and the relatively consistent model-driven and data-
driven findings across studies, it is unlikely that these con-
founding factors affected the results to a significant extent.

Conclusion

A number of the significant group-dependent connections that
were consistently identified across the two studies involved
regions associated with emotional regulation and saliency
detection. These relationships were not identified by the
model-driven approach, indicating that using alternative, data-
driven approaches is important when studying pain processing
using fMRI. The data-driven findings suggest a potential rela-
tionship between heightened pain sensitivity and abnormal
emotional response in individuals with FM that warrants
further research. However, for this relationship to be studied
effectively, researchers need to reconsider how they analyze
their pain fMRI data. Analyzing pain processing by relying on
BOLD response predictions based on peripheral stimulation
paradigms is not enough. Alternative analytical approaches are
required, and studies need to be designed to optimize the utility
of these approaches.

This was not the first study to provide evidence for
differences in pain processing between healthy controls and
people with fibromyalgia experiencing similar subjective
levels of pain. However, most of the previous studies focused
on specific areas of the pain-processing network.?®2
Therefore, this study is the first to highlight the large-scale
differences in pain processing between the two groups.
Interestingly, a number of resting-state studies have also
found differences between participants with fibromyalgia
and healthy controls.*’** The common denominator across
these studies and the present study is that data-driven analy-
tical approaches were necessary to detect the differences
between the HC and FM groups. Combining our results
with the results from these studies, it appears that—in the
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context of pain processing—data-driven analyses are superior
to model-driven analyses for the study of differences in neural
activity between chronic pain groups and healthy controls.
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