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1.

Introduction

Approximately 20-30% of adults suffer from chronic pain[19,26] and it is one of the

most common reasons why patients seek medical care.[51] Results from many structural
magnetic resonance imaging (SMRI) studies suggest that chronic pain is associated with
alterations of brain structure. Indeed, chronic pain has been reported to impact gray
matter volume and density[6-8,10,24,59,62,63,66,72,74], white matter volume[6,56,63],
cortical thickness[33,34,43,49,50,60,65,103] and cortical surface area.[60,65,103] However,
the heterogeneity of reported findings across chronic pain conditions, imaging features,
and brain regions in individual studies makes integration and comprehensive assessment
of results challenging. Neuroimaging meta-analyses that aggregate effects across diverse
experiments are well-suited to quantitatively identify consistent structural brain alterations
related to chronic pain.[58,95]

Prior meta-analyses of associations between chronic pain and brain structure have been
limited to gray matter volume and gray matter density.[14,84,88] Furthermore, prior
meta-analyses have often selectively focused on specific chronic pain conditions such as
migraine [32,35], back pain [102], neuropathic pain[64] or fibromyalgia.[46,81] Those
studies have found both convergent and divergent results. Specifically, prior meta-analyses
have indicated decreased gray matter in a variety of cortical brain areas including

several prefrontal regions[14,32,46,64,84,102], the cingulate cortex[35,46,82,84,102],

the central gyrus[14,32,64,84], parahippocampal gyrus[36,82] and the cerebellum.[82]
Furthermore, subcortical brain areas including the insula[14,64,84,102], thalamus[14,64,84]
and amygdala[35] have been reported to have decreased gray matter in chronic pain.
However, other meta-analyses have revealed gray matter increases in similar regions,
including parahippocampal gyrus, medial frontal gyrus[64], thalamus[14], caudate[14],
cerebellum[14,82], insula[64], anterior cingulate cortex (ACC)[64], and post-central gyrus.
[14] The heterogeneity of meta-analytic findings may reflect focus on specific chronic pain
conditions or the consideration of a limited set of imaging features. In addition, there have
been no coordinate-based meta-analyses of white matter or cortical surface area, and only
one meta-analysis has been conducted of cortical thickness (in migraine).[81] As such,
there is a clear need for a comprehensive meta-analysis that spans across chronic pain
conditions and integrates findings from multiple structural imaging features to identify
common patterns of structural alterations across pain conditions.

Another source of heterogeneity of prior meta-analytical results may be inconsistent
adherence to methodological best practices, which may have introduced bias and reduced
generalizability. First, a sufficient sample of included studies (7= 17) in meta-analyses on
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neuroimaging is necessary to have the power to detect small effects and to avoid results
being driven by a small number of studies.[22] Second and relatedly, the sample size

of healthy and patient groups included in individual experiments must be sufficient (7>

10 per group). Notably, these two criteria have not been uniformly applied in prior work.
[14,32,35,46,64,82,84,102] Third, coordinate-based meta-analyses test convergence between
experiments against the null hypothesis of random spatial associations throughout the brain,
where each voxel has an equal a priori chance of having an effect.[20,58,87] For this reason,
it is critical that studies included in a neuroimaging meta-analysis employ a whole-brain
analytical approach. The inclusion of experiments that only report region-of-interest (ROI)
analyses may result in an over-representation of these regions.[20,58,87] Fourth, differing
approaches to control for multiple comparisons in neuroimaging studies can introduce
variability in the reported findings. In meta-analyses, this problem can be present at

two levels. The inclusion of experiments that lack adequate control of type I error will
inflate apparent structural differences attributed to chronic pain. Additionally, meta-analyses
themselves need to rigorously control for multiple comparisons across locations in the brain.
Current standards for meta-analyses recommend cluster-wise family-wise error (CFWE)
correction as the gold standard.[22]

Responding to these gaps in the literature, we conducted a pre-registered, comprehensive
anatomic likelihood estimate (ALE) meta-analysis of structural brain changes associated
with chronic pain conditions. Rather than focusing on one disease or feature type, we
evaluated a range of common imaging features derived from T1-weighted MRI (including
gray matter, white matter, cortical thickness, and cortical surface area) across diverse chronic
pain conditions. We reduced the potential for regional bias by requiring that all studies
report the results of whole-brain analyses and employed adequate type I error control. As
described below, this approach allowed us to evaluate if chronic pain is associated with
convergent changes to brain structure across disorders and imaging features, in a large
sample of 103 experiments.

Methods

We followed the Preferred Reporting Items for Systematic Reviews and Meta-analyses
(PRISMA) reporting guideline[55] and field-standard guidelines for meta-analyses.[58,87]
Procedures and analyses were preregistered on PROSPERO (https://www.crd.york.ac.uk/
prospero/display_record.php?RecordlD=176498). Revisions that were made, such as the
modification of authorship, can be seen in the document. This systematic review is the third
in a series of meta-analyses[98,99] sponsored by the Analgesic, Anesthetic, and Addiction
Clinical Trial Translations, Innovations, Opportunities, and Networks (ACTTION), a public-
private partnership with the United States Food and Drug Administration.

Literature search and selection of studies

The current meta-analysis included all studies reporting structural differences between
healthy controls and patients with chronic pain, regardless of the specific pain condition. The
International Classification of Diseases (ICD-11)[96] represents a fairly major shift in pain
diagnosis. Chronic pain is divided into seven subcategories.[66] In addition, the criterion for
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the duration from when episodic pain is defined as chronic has been reduced from six to at
least three months.[96] However, a majority of the studies published to date were conducted
before ICD-11 was published. As we included studies from 1999 onward in the current
study, our inclusion criteria stipulated that patients had to have either a diagnosis of a pain
condition considered chronic regardless of a time criterion (e.g. burning mouth syndrome,
fibromyalgia) or have had a syndrome associated with pain that lasted for at least six months
(e.g. headache, osteoarthritis; Table S1).

A comprehensive literature search was conducted using PubMed / MEDLINE, EMBASE,
PsycINFO, Web of Science, Cochrane Library and SCOPUS to identify peer reviewed
articles investigating neuroanatomical differences in chronic pain disorders. These databases
were queried using the following search: (“MR/I”OR “magnetic resonance imaging”) AND
(“VBM”OR “voxel-based morphometry” OR “cortical thickness” OR “cortical volume” OR
“cortical surface area” OR “grey matter density” OR “gray matter density”’) AND (“pain”
OR “neuropathy” OR “neuropathic” OR “hyperalgesia” OR “allodynia”) AND “brain”.
Additionally, we screened reference lists of selected studies as well as systematic reviews
and meta-analyses focusing on imaging of chronic pain. The final literature search took
place on April 26, 2021 and was restricted to articles published from January 1, 1990 to
April 26, 2021. Articles were limited to those published in English.

The search criteria yielded a total of 9,268 peer-reviewed published articles and 65
references from existing review articles and meta-analyses (Figure 1). After removing
duplicates, we screened a total of 7,849 abstracts. Two independent reviewers (ATH, AX)
determined whether the study should be selected for full-text evaluation. During abstract
screening, we excluded abstracts based on the following criteria[58,87]: (1) sample size n
< 10 participants per group; (2) studies of neonates, children, or adolescents; (3) healthy
controls only or patients with chronic pain only; (4) neuroimaging modalities such as EEG
without MRI; (5) animal only or cell or tissue only experiments; (6) postmortem studies.
To avoid inappropriate exclusion, no papers reporting functional MRI data or diffusion
imaging were excluded during abstract screening. This allowed us to evaluate sections

of seemingly irrelevant papers that may have additionally studied structural changes. We
evaluated the full-text of papers passing abstract screening to assess the following inclusion
criteria [58,87]: (1) whole brain analysis (i.e. field of view not confined to a restricted
region of interest); (2) analysis of structural brain features (i.e. gray matter, white matter,
cortical thickness, cortical surface area; increased or decreased morphometric values); (3)
results reported in stereotactic space (Talairach or Montreal Neurological Institute [MNI])
as standard coordinates (X, Y, 2); (4) results reported as comparisons between patients with
chronic pain and healthy controls; (5) results thresholded at p < .001 uncorrected or cluster-
level corrected p < .05; (6) /7= 10 participants per group; (7) participants aged 18 years

or older. To find reproducible group differences in MRI studies, a sample size of about 20
participants is required.[18,86] This criterion was often not met, especially in older studies.
To include valid studies in our ALE and at the same time to avoid excluding too many
studies, we chose the criterion of at least 10 participants as a compromise. This threshold
had been employed in two prior studies [98,99] and was preregistered accordingly. We
included studies in which treatment or intervention was reported if relevant measurements
were obtained and documented before treatment. In cases where the studies fulfilled all
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relevant inclusion criteria but did not report the results in the required format (e.g.,
coordinates missing), the corresponding authors were contacted via email and the results
were included in the ALE if provided. All full-text articles from the included abstracts were
reviewed by a reviewer (ATH) to determine whether they met inclusion criteria and final
inclusion decisions were confirmed by at least one other independent reviewer (BL, LW,
AX). In cases where reviewers disagreed or were uncertain, a senior third reviewer (TDS)
evaluated the article. According to our inclusion criteria, we identified 7= 98 peer-reviewed
articles with case-control differences (including /7= 14 null results; see Figure 1 and Table
S2), jointly reporting on 5,075 participants from n= 103 experiments. Additionally, n=

15 studies fulfilling inclusion criteria without specifying exact pain duration were identified
(Table S3).

2.2 Data extraction

The coordinates and information for each experiment were manually extracted by at least
one author (ATH or VS) and independently checked for accuracy by the other author (ATH
or VS). In cases where more than one chronic pain patient group (e.g. chronic headache
and chronic low back pain[100]) was compared separately to a healthy control group in
one paper, the subgroups were defined as distinct samples. An experiment was defined as a
feature specific analysis (e.g. gray matter, cortical thickness) per sample. For each included
sample, the following information was extracted: the chronic pain condition being studied,
the duration of condition, medication use, and sample characteristics including the sample
size, sex, and age distribution of participants (Table S4). In addition, and to generate the
best possible overview of the included studies, the following MRI-related information was
recorded: MRI model, field strength (Tesla), head coil, software used for analysis (e.g.,
SPM, FreeSurfer), coordinate space (MNI or Talairach), smoothing kernel, type | error
correction, and structural imaging feature (Table S5).

2.3 Anatomic likelihood estimation (ALE) meta-analysis

The ALE was performed using an algorithm that calculates probability estimates of
structural changes. In this process, the clusters reported in each study are declared as

3D Gaussian probability distributions to compensate for spatial uncertainty.[21] The full
width at half-maximum (FWHM) of these 3D Gaussian distributions was determined

by experimental data on the variance between-participants and between-template, i.e.

the MNI or Talairach space coordinates. Experiments with larger sample sizes should
provide more reliable results of true effects.[21] The ALE algorithm accounts for between-
participant variance by applying narrower Gaussian distributions for experiments with larger
sample sizes. Further, the algorithm takes between-template differences into account by
transforming Talairach into MNI coordinates.[42] Subsequently, the probabilities for all
effect foci in each experiment are calculated, resulting in an individually modeled effect
map for each experiment. ALE scores are generated by integrating all effect maps and
describe the convergence of results at each particular location.[21] This implies that the
effect map values reflect data from each of the individual experiments, while the ALE
values represent data from multiple experiments. P-values of ALE scores were defined as the
proportion of values resulting from a null distribution reflecting a random spatial correlation
between experiments. This distribution was calculated for each meta-analysis performed.
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Subsequently, nonparametric p-values were thresholded according to current best practice
recommendations, with a voxel-wise threshold of p<.001.[22,23]

Cluster significance at this voxel height was estimated using 10,000 Monte Carlo
simulations.[20,73] To correct for multiple comparisons, we applied cFWE correction,

the current gold standard correction methodology in ALE meta-analyses.[20] Clusters

were considered significant if they reached a cFWE corrected significance of p < .05.
Additionally, for exploratory purposes, we performed a potentially more sensitive secondary
cluster correction procedure using Threshold Free Cluster Enhancement (TFCE).[85] Using
TFCE, the problem of selecting a cluster threshold in topological inference methods is
avoided. The correction amplifies signal regions that exhibit some spatial contiguity without
relying on hard threshold-based clustering. Excursion sets across all possible thresholds are
integrated, resulting in a new set of values that reflect both, cluster height and support.
TFCE correction is considered more sensitive and is reported to have better false positive
rate control than other correction methods, with no significant difference in hit rate between
methods.[30] However, TFCE is considered an exploratory approach because there are

no known publications that directly validate its use for ALE meta-analyses. All analytic
code for the ALE meta-analysis is publicly available at https://github.com/PennLINC/
SMRI_ChronicPain.

2.3.1. Main Analysis.—In order to assess the directionality of the overall structural
changes, we performed an undirected meta-analysis including all data that reported
structural changes in patients compared to controls (/7 (neaithy controls vs patients with chronic pain)
= 153). These analyses thus included data showing both an increase or a decrease

in structural features in patients with chronic pain and served to capture basic

structural differences between the two groups. We also performed two directed
meta-analyses that included all experiments that reported either an increase (n

(patients with chronic pain > healthy controls) = 96) Or a decrease in patients with chronic pain

compared to healthy controls (/7 (healthy controls > patients with chronic pain) = 97)-

2.3.2. Feature-specific analyses.—In addition to our pre-registered analysis that
included diverse measurements of brain structure, we also performed secondary, feature-
specific analyses that were not pre-registered. Specifically, we evaluated both, undirected
(healthy controls vs patients with chronic pain) and directed analyses (patients with chronic
pain >/ < healthy controls) of studies of gray matter (VBM) and cortical thickness. The
number of white matter (r7=4) and cortical surface area (n = 3) studies was insufficient to
perform feature-specific analyses.

2.3.3. Sensitivity analyses.—Our pre-registered inclusion criteria stipulated that study
participants have a defined chronic pain condition or that all study participants suffer

from pain for at least six months. Our literature review revealed 15 studies that did not
clearly indicate whether individual patients had suffered for at least six months from a pain
condition not classified per se as a chronic pain condition (mostly headache syndromes).
However, those studies reported a mean duration of pain lasting at least six months across
the study sample. Accordingly, while these studies were not included in our primary
analyses, we conducted sensitivity analyses including these 15 studies (Table S3). Finally,
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we refrained from performing sub-analyses regarding specific chronic diseases within the
current meta-analysis, as the only condition meeting the minimum number of (i.e., at
least 17 experiments) required for ALE was headache and there have been recent ALE
meta-analyses of this condition.[32,35]

3. Results

A total of 103 experiments from 84 articles reporting 96 distinct chronic pain samples, with
a total of 5,075 participants (n = 3,850 female) were evaluated with the aim of finding
common brain structure alteration across chronic pain conditions. The most commonly
represented pain conditions was episodic headache lasting for at least six months (23% of
all samples across the included studies). Back pain, chronic headache, and fibromyalgia
each represented 10.42% of all samples across the included studies; (primary) trigeminal
neuralgia (9.38% of all samples across the included studies) and complex regional pain
syndrome (7.29% of all samples across the included studies) were also well-represented.
The composition of included pain disorders can be seen in Table S1. A total of 42 samples
provided information on the average duration of illness, which was 127.92 months (5D =
76.07, average range 3 months - 320.52 months). The majority of experiments evaluated
gray matter (n=75), followed by cortical thickness (7= 20), white matter (n= 4),

cortical surface area (/7= 3), and cortical volume (7= 1). Further details on the included
experiments are included in Tables S4 and S5. All extracted coordinates can be found at
https://github.com/PennLINC/sMRI_ChronicPain.

3.1. Main analysis

Our primary analysis of all studies did not reveal significant differences in brain structure
between patients with chronic pain and healthy controls. For a voxel height of z> 3.09,

the required cluster size to achieve cFWE correction at p < .05 was not reached in either

the directed or undirected analysis (undirected &> 99; healthy controls > patients with
chronic pain k= 96; patients with chronic pain > healthy controls &= 90). This finding

was consistent for both the undirected comparison (healthy controls vs. patients with chronic
pain) as well as the directed comparisons (healthy controls > patients with chronic pain;
patients with chronic pain > healthy controls).

However, follow-up exploratory analyses using TFCE revealed several effects. Specifically,
the undirected group comparison yielded four significant clusters (Table 1, Figure 2a)
including the right insula (cluster 1 and 2), right inferior frontal gyrus (IFG) (cluster

2), left hippocampus (cluster 3), and left thalamus (cluster 4). Significant clusters in the
directed analysis (healthy controls > patients with chronic pain; Table 2 and Figure 2b) were
observed in right (cluster 1) and left insula (cluster 3), right IFG (cluster 1), ACC (cluster 2),
and left superior medial gyrus (cluster 2). In contrast, the opposite directed analysis did not
reveal any significant clusters (patients with chronic pain > healthy controls; Table 2).

3.2 Feature-specific analysis: gray matter

Similarly, the required cluster size applying cFWE at p < .05 was not reached within
secondary undirected and directed analyses of gray matter features (undirected k> 93;
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healthy controls > patients with chronic pain k= 94; patients with chronic pain > healthy
controls A= 92). However, secondary undirected analyses using TFCE revealed multiple
significant clusters (Table 3, Figure 3a), including left hippocampus and left thalamus (both
cluster 1), right (cluster 2) and left insula (cluster 4), right amygdala (cluster 2) as well as
right ACC (cluster 3). Directed comparisons identified several areas of lower gray matter in
patients with chronic pain compared to healthy controls (Table 4, Figure 3b), including left
and right ACC (cluster 1), right (cluster 2 and 3) and left insula (cluster 4), and left superior
medial gyrus (both cluster 2), right IFG (cluster 3), right IFG (cluster 3), and left superior
medial gyrus (cluster 1 and 5). In contrast, there were no significant clusters of greater gray
matter in patients with chronic pain compared to healthy controls (patients with chronic pain
> healthy controls; Table 2).

3.3 Feature-specific analysis: cortical thickness

Specific analyses of studies examining cortical thickness did not reveal any significant
effects for either the undirected comparison (healthy controls vs. patients with chronic pain)
or the directed comparisons (undirected &> 91; healthy controls > patients with chronic
pain; k= 87; patients with chronic pain > healthy controls k= 70; Table 5). Similarly,
undirected secondary analyses using TFCE did not reveal significant effects. However,
secondary directed analyses (healthy controls > patients with chronic pain) using TFCE
discovered reduced cortical thickness within the left precentral gyrus in patients with chronic
pain (cluster 1; Figure 4 and Table 5). In contrast, no increases in cortical thickness were
seen in patients with chronic pain when TFCE was used (patients with chronic pain >
healthy controls).

3.4 Sensitivity analyses

As noted above, 15 studies did not explicitly specify inclusion criteria regarding a duration
of greater than six months of chronic pain and were thus not included in the main analyses.
However, in order to ensure that these studies did not influence our observed results, we
re-analyzed the data with these studies included. Notably, inclusion of these studies did not
substantially impact results; while specific clusters similarly survived TFCE, no significant
results were observed for our primary analysis using cFWE (Table S6) or specific analyses
of gray matter (Table S7) or cortical thickness (Table S8).

4. Discussion

This comprehensive, pre-registered ALE-based meta-analysis of chronic pain examined
structural brain alterations across imaging features derived from T1-weighted MRI
(including gray matter, white matter, cortical thickness, and cortical surface area).
Consequently, the analyses of the current study investigated whether there are consistent
patterns of structural alterations associated with chronic pain that span across conditions and
structural imaging metrics. Our results were based on a total of 103 (main analysis), 75 (gray
matter), and 20 (cortical thickness) neuroimaging experiments. Consequently, these were
well-powered ALE meta-analyses, which included considerably more studies than previous
analyses.[14,84,88] We did not detect any significant structural brain changes associated
with chronic pain conditions across or within specific structural imaging features when using
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cFWE correction. However, in a subsequent analysis using TFCE correction, we detected
several clusters of alterations (including both gray matter and cortical thickness) in chronic
pain. These subtle structural differences largely overlapped with previously identified pain
networks.[17,38] The failure to achieve significance using the more conservative cFWE
correction suggests that chronic pain may be associated with subtle, spatially diffuse
alterations of brain structure.

When multiple comparisons were corrected with cFWE, we found null results when
looking both within and across structural imaging features. In contrast to the current
findings, previous meta-analyses have identified convergent alterations in several cortical
and subcortical brain regions associated with chronic pain. The majority of results indicated
lower gray matter in patients with chronic pain compared to healthy controls within the
insula, thalamus, ACC, middle frontal gyrus, pre- and post-central gyri, IFG and SFG.
[14,32,35,52] However, other studies have reported higher gray matter in similar areas such
as thalamus, pre- and post-central gyri, inferior parietal lobule, and hippocampus.[14,84]

In contrast to these cFWE corrected null results, we observed several clusters associated
with chronic pain as part of our exploratory analysis using TFCE.[17,38] The ACC, insula,
IFG, superior medial gyrus, thalamus, and hippocampus all showed structural reductions in
patients with chronic pain in both our main and gray matter-specific analyses. The positive
TFCE results are somewhat surprising, as TFCE has been previously reported to reduce

the false alarm rate while achieving an equivalent hit rate to cFWE.[30] Therefore, we had
expected TFCE to yield similar results to cFWE. However, on closer inspection, the regions
identified by TFCE only narrowly missed the cluster defining initial threshold for cFWE.
This reflected an unique data structure in which we observed larger, spatially diffuse clusters
with a flat effect size (e.g. plateau rather than a peak; see schematic in Figure 5). These
clusters were just below the significance threshold for cFWE. It should be noted that TFCE
has only recently begun to be used in neuroimaging meta-analyses.[25,45,67,68] Ongoing
work comparing the statistical properties of TFCE and cFWE in meta-analyses may provide
useful data on the relative strengths and weaknesses of the two approaches.

Although the clusters detected using TFCE were not observed when applying our pre-
registered correction using cFWE, they may still provide useful information regarding
structural changes associated with chronic pain. Specifically, results based on TFCE
suggested that chronic pain is associated with subtle effects on the structure of the ACC,
insula, and IFG. Together with the insula, the ACC is part of the salience network[78] and
is essential for pain processing.[54] In this context, it is postulated that the insula transmits
exteroceptive and interoceptive information to consciousness[16,40,41] particularly through
functional connections to the cingulate cortex[89], and elicits feelings in relation to this
salient information. The salience network contributes to a variety of complex functions,
including self-awareness, through the integration of sensory, emotional, and cognitive
information. Chronic pain may disrupt the synchronization of this mechanism by affecting
a number of brain regions involved in self-observation, pain and emotion processing.
[4,14,38,44,57] In addition, the IFG is thought to be involved in pain catastrophizing[27,76],
and pain perception.[29] A decrease in pain catastrophizing after cognitive behavioral
therapy was associated with an increase in gray matter in the IFG and ACC.[80]
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We also observed clusters that survived correction with TFCE in emotional-affective and
modulatory components of the pain network[11], including amygdala, (hypo)thalamus and
(para)hippocampus. The amygdala plays a relevant role in cognitive control over affective
pain components.[13,15,61,90] Within multidimensional pain perception the amygdala is
thought to serve as a mediator between chronic pain or acute pain and affect, cognition,

as well as body sensation.[61,83] In doing so, it integrates polymodal information from

the thalamus and cingulate cortex with nociception-specific information from the spinal
cord and brainstem. The thalamus processes and relays nociceptive information between the
spinal cord and cortex. [1,101] While the hypothalamus is involved in neuroendocrine and
autonomic pain processing, the thalamus and ACC are essential for conscious, cognitive
processing of pain. Additionally, the parahippocampal cortex modulates pain experience
and pain sensitivity[28] and specifically associated anxiety, fear, and aversive pain content.
[48] Reduced gray matter density in the parahippocampal cortex has been reported with
longer pain syndrome persistence in patients with pain disorder.[94] The emotional interplay
between learning and memory, primary functions of the hippocampus[9], is considered

an important factor in the transition from acute to chronic pain.[3,93] The hippocampus

is furthermore thought to be a sex-dependent biomarker for chronic pain[70], given its
hormone-dependent sex-specific responses to stress.[31,53,71]

It is important to note that structural changes can occur at different anatomical and temporal
levels (for a comprehensive overview see Kuner[39]). Structural brain changes in the context
of chronic pain may be induced by nociceptive activity leading to changes in the density

of synaptic spines, the degeneration or regeneration of axons, degeneration of neurons, and
the proliferation of astrocytes and microglia which may modulate nociceptive processing.
[39] It should be noted that reported associations from imaging studies of structural brain
changes in chronic pain do not allow us to disentangle whether structural changes are the
consequence or the cause of chronic pain. However, one informative study by Rodriguez-
Raecke et al.[72] reported that in patients with primary hip osteoarthritis, decreased gray
matter did not result in chronic pain but rather was a reversible consequence of chronic
nociceptive transmission that normalizes after appropriate treatment. Moreover, the duration
and severity of pain may have a crucial impact on the extent of change in brain anatomy.[79]

Although the TFCE corrected results were in line with previous study results, it is important
to consider that cFWE correction remains the gold standard for ALE meta-analyses.[22]
Methodological differences in terms of both inclusion criteria and meta-analytic techniques
may have led our cFWE corrected findings to differ from those of prior meta-analyses. First
and most importantly, the current study considered a broad range of chronic pain conditions
rather than focusing on a single condition. It should be noted that the inclusion criteria

for chronic pain was fairly stringent, requiring study participants to have a diagnosis of

a chronic pain disorder or have chronic pain for at least six months. However, sensitivity
analyses that included studies not fully meeting this definition of chronic pain indicated

that this criterion did not drive our observed results. Second, guidelines for best practices

in neuroimaging meta-analyses[58] emphasize that experiments included in ALE should be
based on whole brain analyses. Notably, meta-analyses that included ROI analyses may have
be biased towards these predefined regions.[20,58,87]
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Third, our approach was consistent with other contemporary recommendations for
neuroimaging meta-analyses, including the requirement that component experiments be of
sufficient size and that appropriate type | error control be used. These criteria, as well as the
use of cFWE type | error correction to control for multiple comparisons in the meta-analysis
itself, may partially explain the divergence of results in prior meta-analyses. The observed
null results with our primary cFWE analysis suggest that the evidence is less consistent

than previous research may have suggested. In particular, our results did not support strong
meta-analytic evidence for substantial structural changes associated with chronic pain across
conditions.

Differences between our results and prior findings may also be due to the diversity of
chronic pain conditions evaluated. While this meta-analysis provides a broad synthesis

of chronic pain, it is possible that the brain structures impacted may differ depending

on the chronic pain condition. Baliki et al.[7] found that chronic low back pain, knee
osteoarthritis, and complex regional pain syndrome are associated with distinct gray matter
changes that may reflect unique maladaptive physiology for various chronic pain conditions.
The multidimensional construct of pain can be categorized differently depending on the
categorization system (for example, DSM or ICD) or edition (for example, ICD10[97] and
ICD11[96]). For instance pain can be divided into nociceptive pain, caused by inflamed or
damaged tissue, and neuropathic pain, caused by damage or lesions of the nervous system.
The specific type of pain may differentially affect associations with brain structure. For
example, one study reported that patients with neuropathic back pain were more affected
than non-neuropathic patients.[5] Further, the somatotopic representations of chronic pain
also vary across conditions (from the head to the back and abdomen to the limbs). It is
possible that structural changes associated with chronic pain are organized according to the
somatotopic representation, leading to diffuse results across patients and studies.

Heterogeneity driven by differences regarding sample demographics, including
gender[2,91], age[2] or medication status[12], may have further contributed to inconsistent
results across experiments. Generally, a higher prevalence of chronic pain conditions

can be found among women and elderly people.[91] While endometriosis or pelvic

pain syndrome are female specific pain disorders, the prevalence for other diseases

such as migraine[47] or fibromyalgia[69] are skewed with a female-to-male ratio of

3:1. Furthermore, medication, such as opioids, nonsteroidal anti-inflammatory drugs,
antiepileptic drugs, or antidepressants, can alter patients' brain function[12,37] and structure.
[37,77] However, the large heterogeneity in medication usage and inclusion criteria across
studies make it difficult to evaluate and control for within an ALE meta-analysis.

Several limitations of our study should be noted. It is important to note that associations of
structural changes and chronic pain do not allow us to disentangle whether any observed
structural alterations are the consequence or the cause of chronic pain. Additionally, due

to heterogeneity of the studies included, we could not analyze the influence of medication
status or comorbidities. Furthermore, it should be noted that although ALE is field-standard,
it has several important limitations. First, the data used in ALE is based only on the
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coordinates of the reported peaks, rather than complete maps, resulting in the inability of
the algorithm to take into account relative effect sizes of corresponding results. We would
therefore note that an image-based meta-analysis combining whole-brain statistical data,
rather than using exclusively significant peak coordinates, could offer important advantages.
[75] Second, the method does not allow covariates to be controlled for within the analysis,
thereby limiting the algorithm’s ability to detect the influence of potential confounders.
However, considering the large variability in how potentially interesting covariates such

as age or disease duration were reported, inclusion of these covariates would be difficult
even independent of the ALE algorithm. Furthermore, previous studies suggested that it is
unlikely that an individual study could significantly bias the results of ALE meta-analyses
[20,21,92] Third, a known limitation of ALE is the inability to include experiments without
significant results. This limitation biases meta-analyses toward significant results, but also
strengthens confidence in the reported null cFWE results of the current pre-registered
analyses.

This comprehensive meta-analysis quantitatively synthesized structural MRI studies of
chronic pain while adhering to best practices for neuroimaging meta-analyses. Our pre-
registered approach did not find evidence of significant differences in brain structure
between patients with chronic pain and healthy controls. However, exploratory secondary
analyses suggested that limited structural deficits may be present in patients with chronic
pain. Overall, our results suggest that if alterations in brain structure are present in chronic
pain, they are likely subtle and spatially diffuse.
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9,268 articles identified through
database search

Page 19

65 additional articles identified
through other sources

|

7,849 articles after duplicates
removed

7,849 abstracts

e | 3,444 articles excluded

screened
2,112 full-text articles _ | 2,014 full-textarticles excluded
assessed for eligibility 894 no (chronic) pain condition

465 no (structural) MRI
180 meta-analysis / review
105 no whole brain analysis
103 no healthy control group
90 insufficient sample size
65 only healthy participants
37 data not available (no email reply, paper not found)
32 others (e.g. comment, poster, overview, letter, book)
17 included participants with age < 18
9 brain lesions present
8 duplicates
5 does not meet statistical threshold
3 animal study
1 fulktext not available in English

4

98 articles fulfilling inclusion criteria for ALE

L 4

L4

84 included articles
103 included experiments
5,075 participants

14 articles excluded from
ALE due to null results

Figurel.

PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-analyses) flowchart
depicting study inclusion / exclusion criteria and flowchart.
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I thalamus rinsula riFG

I thalamus rinsula

Figure 2.
Displayed are TFCE corrected results from the ALE main analyses of structural differences

between patients with chronic pain and healthy controls. A) Group comparison of structural
brain tissue (r insula, r IFG, I hippocampus and | thalamus); B) Structural deficits in patients
with chronic pain (I & r insula, r IFG, | & r ACC, and | superior medial gyrus).

Note. IFG = inferior frontal gyrus; ACC = anterior cingulate cortex; | = left; r = right.
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| nsula | hippocampus

-~

ramygdala rinsula

linsula | thalamus | hippocampus  r olfactory gyrus

rinsula

r amygdala

B) Gray matter analysis (healthy controls > patients with chronic pain

Figure 3.
Displayed are TFCE corrected results from the ALE feature-specific analysis of gray matter

change. A) undirected effect (I hippocampus, | thalamus, | & r insula lobe, r amygdala, r
olfactory cortex); B) Gray matter deficits in patients with chronic pain (I & rinsula, r IFG, |
& r ACC, | superior medial gyrus).

Note. r = right; | = left; IFG = inferior frontal gyrus; ACC = anterior cingulate cortex.
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Cortical thickness analysis (healthy controls > patients with chronic pain

8000 12000

Figure 4.
Displayed are TFCE corrected significant results from the feature-specific analysis of

cortical thickness changes: cortical thickness deficits in patients with chronic pain (1
precentral gyrus).
Note. | = left.
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Figure5.

A) Schematic representation of a plateau versus focal cluster and the influence on

significant results. B) Significant TFCE cluster from main analysis (undirected) showing

the distribution of Z~values ranging from Z=1.96 (p < .05) till Z=3.09 (v < .001).
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