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Abstract
Background: Chronic pain of different aetiologies and localization has been as-
sociated with less grey matter volume (GMV) in several cortical and subcortical 
brain areas. Recent meta-analyses reported low reproducibility of GMV altera-
tions between studies and pain syndromes.
Methods: To investigate GMV in common chronic pain conditions defined by 
body location (chronic back pain, n = 174; migraine, n = 92; craniomandibular dis-
order, n = 39) compared to controls (n = 296), we conducted voxel-based morpho-
metry and determined GMV from high-resolution cranial MRIs obtained in an 
epidemiologic survey. Mediation analyses were performed between the presence 
of chronic pain and GMV testing the mediators stress and mild depression. The 
predictability of chronic pain was investigated with binomial logistic regression.
Results: Whole-brain analyses yielded reduced GMV within the left anterior in-
sula and the anterior cingulate cortex, for a ROI approach additionally the left 
posterior insula and left hippocampus showing less GMV across all patients with 
chronic pain. The relationship of pain with GMV in the left hippocampus was 
mediated by self-reported stressors in the last 12 months. Binomial logistic regres-
sion revealed a predictive effect for GMV in the left hippocampus and left anterior 
insula/temporal pole for the presence of chronic pain.
Conclusions: Chronic pain across three different pain conditions was character-
ized by less GMV in brain regions consistently described for different chronic 
pain conditions before. Less GMV in the left hippocampus mediated by experi-
enced stress during the last year might be related to altered pain learning mecha-
nisms in chronic pain patients.
Significance: Grey matter reorganization could serve as a diagnostic biomarker 
for chronic pain. In a large cohort, we here replicated findings of less grey matter 
volume across three pain conditions in the left anterior and posterior insula, ante-
rior cingulate and left hippocampus. Less hippocampal grey matter was mediated 
by experienced stress.
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1   |   INTRODUCTION

Pain, defined as an unpleasant sensory and emotional ex-
perience associated with, or resembling that associated 
with, actual or potential tissue damage (International 
Association for the Study of Pain, Raja et al.,  2020), in-
volves reorganizational processes in the peripheral and 
central nervous system (Kuner & Flor,  2017). To take 
maladaptive plasticity into account, a third mechanis-
tic descriptor in addition to nociceptive and neuropathic 
pain has been introduced as ‘nociplastic pain’, which is 
‘not characterized by obvious activation of nociceptors 
or neuropathy, but in whom clinical and psychophysical 
findings suggest altered nociceptive function’ (Fitzcharles 
et al., 2021; Kosek et al., 2016). Depending on the nocicep-
tive input, changes occur at the molecular, synaptic, cel-
lular and network levels along the nociceptive pathways. 
These may lead to persistent structural changes, which 
can include an increase or a decrease in the density of syn-
aptic spines, degeneration or regeneration of axons lead-
ing to aberrant connectivity, degeneration of neurons and 
proliferation of astrocytes and microglia (Kuner,  2010). 
On a macrolevel, grey matter volume changes as well as 
changes of white matter, cortical thickness and surface 
have been observed in many studies investigating differ-
ent chronic pain conditions (for a recent review and ALE-
meta-analysis using structural neuroimaging data see 
Henn et al., 2023). Grey matter reorganization could serve 
as a diagnostic biomarker for chronic pain, if validated 
and stable as long as the chronic pain persists and if it dif-
fers between chronic pain and other negative mood states 
(Reckziegel et al., 2019) or psychosocial factors (Cohen & 
Mao, 2014). However, most studies investigating structural 
alterations in chronic pain conditions have been done in 
small groups of subjects, and validation of outcomes is 
lacking. Henn et al. (Henn et al., 2023) recently calculated 
a comprehensive ALE meta-analysis including a large 
sample of experiments that fulfilled certain methodologi-
cal standards (sufficient sample size, control for multiple 
comparisons, whole-brain analytical approach) across 
different pain conditions. There were no significant clus-
ters when correcting for multiple comparisons, but using 
exploratory threshold-free cluster enhancement analyses, 
there was less GMV in chronic pain in the amygdala, thal-
amus, hippocampus, insula, anterior cingulate cortex and 
inferior frontal gyrus. When subsuming these findings, 
we are still not certain which chronic pain conditions, 
and to what extent, share mechanisms with each other 
(Reckziegel et al., 2019). In addition, some of these brain 
changes might be elicited and maintained not only by no-
ciception, but also by psychosocial and lifestyle factors or 
effects of antinociceptive medication (Cohen et al., 2021; 

Mills et al.,  2019). We, therefore, compared grey matter 
volume (GMV) obtained by voxel-based morphometry 
(VBM) of high-resolution cranial MRIs of participants 
from a representative epidemiologic cohort (SHIP Trend 
0) who indicated chronic persisting (3–12 months) pain 
in different regions of the body (lower back pain: n = 174, 
migraine: n = 92, craniomandibular pain: n = 39) and com-
pared GMV to those of controls (n = 296). In the current 
study, pain was divided by body location, not according 
to pain mechanism. For example, craniomandibular and 
back pain could be neuropathic, nociceptive, nociplastic 
or mixed.

We controlled for sex, age, income, cigarettes smoked 
and alcohol consume and mild depression as covariates 
in our analysis. The impact of stress and mild depression 
on GMV decrease was investigated in a mediation analy-
sis. It was further investigated if GMV differences between 
pain and control groups were predictive for the presence 
of chronic pain.

2   |   METHODS

2.1  |  Participants

Data used in the current study were obtained from the Study 
of Health in Pomerania (SHIP), a population-based project 
consisting of two independent cohorts (SHIP-START and 
SHIP-Trend) launched to investigate common risk factors, 
subclinical disorders and manifest diseases in the high-risk 
population of northeast Germany (Völzke et al., 2011). The 
study protocol was approved by the Ethics Committee of 
the University Medicine Greifswald and written informed 
consent was obtained from each participant (Study of 
Health in Pomerania, SHIP-Trend Reg.Nr. BB39/08). We 
here used the baseline examination of the second SHIP 
cohort (SHIP-TREND-0, n = 4420; 2275 women) collected 
between 2008 and 2012 (Figure 1). Of 4420 participants of 
SHIP-TREND-0, 2154 took part in an MRI examination. 
All MRI head scans were visually inspected with regard 
to image artefacts and clinical abnormalities. Scans with 
more than slight motion artefacts or intensive magnetic 
field strength inhomogeneities were excluded (n = 59). 
Participants with a history of stroke, multiple sclerosis, 
epilepsy, Parkinson's disease, dementia, cerebral tumour, 
intracranial cyst or hydrocephalus (n = 139) or recorded in-
take of opioids or benzodiazepines (n = 41) were excluded. 
We further excluded participants with a missing value 
(n = 62) or score higher than 14 (moderately and severely 
depressed) (n = 31) on the patient health questionnaire-9 
(PHQ-9) for depression (Kroenke et al., 2001). Thus, 1822 
data sets were available for the current study.
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2.2  |  Sample selection

For the selection of groups with chronic pain, the follow-
ing criteria were applied: The chronic back pain (CBP) 
group consisted of participants who indicated back pain 
during 3 months within the last 12 months and were not 
recovered (pain intensity >0) at the time of examination. 
The migraine group (MIG) reported migraine that was di-
agnosed by a physician and lasted at least 12 months. The 
group with craniomandibular disorder (CMD) indicated 
pain in the face, masseter, the mandibular joint or in the 
ear region during the last 6 months with no remission at 
the time of examination. The control group (CTR) reported 
no back pain, no headache and no craniomandibular pain 
and no or little limitation of daily activities at home and at 
work because of pain during the last 4 weeks (value of 1 or 
2 on a scale from 1: not at all to 5: very much). Participants 
who fulfilled criteria for more than one pain syndrome 
(CBP & MIG: n = 29; CBP & CMD: n = 27; MIG & CMD: 
n = 27) were excluded from further analysis. In the end, 
the CBP group comprised n = 174, the MIG group n = 92, 
the group with CMD n = 39 and the control group n = 296 
participants.

2.3  |  Assessment of variables

Additionally to pain, the following variables were as-
sessed to compare the different pain and the control 
group: In a personal interview, net equivalent household 

income was assessed as income available per month 
(Euro: 1: <500, 2: 500–900, 3: 900–1300, 4: 1300–1800, 
5: 1800–2300, 6: 2300–2800, 7: 2800–3300; 8: 3300–3800, 
9: more than 3800) divided by number of persons liv-
ing in the household. Education was assessed in abso-
lute years. Alcohol intake was measured as the absolute 
amount of alcohol [g] for each day from data about the 
last 30 days. Cigarettes were assessed in packyears (1 
packyear = 20 cigarettes per day for 1 year). The body 
mass index (BMI) was measured as body weight by 
height squared [kg/m2]. Depression was assessed with 
the Patient Health Questionnaire-9 (PHQ-9) (Kroenke 
et al., 2001). Stress was assessed using a subscale of the 
Questionnaire for the Assessment of Health Behaviour 
(Dlugosch & Krieger, 1995) comprising eight questions: 
Were there stressing/burdening events in the following 
areas of life during the last 12 months: work/school/ca-
reer; marriage/partnership; family/children; friends; lei-
sure time; financial situation; housing situation; health. 
Questions were answered on a Likert scale ranging from 
1 to 5 (1: no events, 5: very incriminatory events). Because 
we intended to use this variable in the mediator analysis 
between the presence of chronic pain and GMV and we 
assumed a large overlap between the constructs of pain 
and health stressors, we only averaged questions 1–7 to 
one parameter, that is, excluded the question related to 
stress caused by health problems. Stressing/ burdening 
events were not assessed in all participants, so that there 
was a reduced number of subjects in each group (CBP: 
n = 168; MIG: n = 88; CMD: n = 38; CTR: n = 270).

F I G U R E  1   Selection of participants 
within the cohort study.
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2.4  |  MRI assessments

Structural MRI images were acquired using a 1.5 T 
Siemens MRI scanner (Magnetom Verio, Siemens Medical 
Systems) and a T1-weighted magnetization prepared rapid 
acquisition gradient echo (MPRAGE) sequence with the 
following parameters: 176 slices, matrix 256 × 176 pixels, 
voxel size = 1.0 mm isotropic, slice thickness = 1.0 mm, 
repetition time: 1900 ms, echo time = 3.37 ms, flip angle 
15°.

2.5  |  Data analyses

‘T1-weighted images were preprocessed in MATLAB 
(The MathWorks) using Statistical Parametric Mapping, 
version 12 (SPM12; Wellcome Department of Cognitive 
Neurology, University of London) and the Computation 
Anatomy Toolbox (CAT) for SPM (CAT 12, vs. 12.8.1; 
http://www.neuro.uni-jena.de/cat/) applying CAT12 de-
fault parameters. Images were corrected for magnetic field 
inhomogenities, spatially normalized using the DARTEL 
algorithm25, and segmented into GM, white matter (WM) 
and cerebrospinal fluid (CSF). The segmentation pro-
cess was further enhanced by accounting for partial vol-
ume effects and by using a hidden Markov random field 
(MRF) model. Finally, the resulting GM segments were 
smoothed using a Gaussian kernel of 8 mm full-width at 
half maximum (FWHM). The quality of images was as-
sessed by using the automated image quality rating (IQR) 
included in the CAT12 toolbox (http://neuro.uni-jena.de/
cat). It constitutes a weighted average of the local (noise 
contrast ratio) and global (inhomogeneity contrast ratio) 
standard deviations within the optimized white matter 
segment scaled by the minimum tissue contrast, and the 
root mean square of the voxel size. The obtained quality 
ratings range from 0.5 (100 rating points) to 10.5 (0 rating 
points) with values around 1 and 2 describing (very) good 
image quality (grad A and B) and values around 5 (grad 
E) and higher (grad F, <50 rating points) indicating prob-
lematic images’. Data analyses have been described before 
(Lotze et al., 2020, p. 5).

2.6  |  Statistical analyses

A one-way ANOVA with the between-factor group (CBP, 
MIG, CMD, control) was conducted, using total intracra-
nial volume (TIV) and IQR as nuisance variables to remove 
the related variance. Further covariates were age and sex. 
For thresholding, we applied p < 0.05 family-wise error 
(FWE) corrected for multiple comparisons for the whole 
brain. We additionally applied a region-of-interest (ROI) 

analysis thresholded with p ≤ 0.05 FWE-correction for the 
ROI, using a composite anatomical mask of brain regions 
showing reduced GMV in patients with chronic pain ac-
cording to a recent meta-analysis (Henn et al.,  2023). 
The following regions were included using the ROI tool 
of the Anatomy Toolbox, version 3 (Eickhoff et al., 2005, 
2007): bilateral amygdala (Amunts et al., 2005), thalamus 
(Behrens et al., 2003), hippocampus (Amunts et al., 2005), 
anterior cingulate cortex (Palomero-Gallagher et al., 2015), 
frontal pole, area Fp2 (Bludau et al.,  2014) and insula 
(Neuromorphometrics). Because of its relevance for 
chronic pain (Baliki et al.,  2010), additionally a ROI of 
the ventral striatum (Oxford-GSK-Imanova Structural–
anatomical Striatal Atlas, Tziortzi et al., 2011) was added. 
The following contrasts were calculated: CBP < controls, 
MIG < controls, CMD < controls, pain groups < controls 
and the respective reverse contrasts. A linear regression 
analysis was conducted with pain intensity as independ-
ent and GMV as dependent variable.

We performed a mediation analysis (PROCESS 
macro29 v. 3.5, for SPSS, model 4, 10,000 bootstrap sam-
ples) for the association of pain with the correspondent 
grey-matter clusters (relative amount of GMV averaged 
over the clusters of significance derived from the whole 
brain VBM). The mediators were self-reported stressors 
during the last 12 months (Dlugosch & Krieger,  1995), 
and mild depression as assessed by the PHQ-9 (Kroenke 
et al., 2001).

A binomial logistic regression was conducted to deter-
mine the effect of GMV clusters (peak voxel) that showed 
a difference between pain and control groups and predict 
the likelihood of chronic pain. Linearity was tested as-
sessed using the Box-Tidwell (Box & Tidwell, 1962) proce-
dure. Bonferroni-correction was applied to all terms in the 
model (Tabachnick & Fidell, 2018).

3   |   RESULTS

3.1  |  Differences in demographic and 
clinical scores between pain groups and 
controls

Groups differed in age (MIG: 47.9 years, CMD: 44.7 years 
< CBP: 54.1 years, CTR: 55.0 years; F3,597 = 11.7, p ≤ 0.001), 
sex (Chi2 = 92.0, p ≤ 0.001), ICR (F3,597 = 16.5, p < 0.001), 
TIV (F3,597 = 11.7, p ≤ 0.001), depression score (CTR ≤ pain 
groups; F3,579 = 36.0, p ≤ 0.001), stressors (CTR ≤ pain 
groups; F3,568 = 21.2, p ≤ 0.001), alcohol (MG ≤ CBP, CTR; 
F3,597 = 8.23, p ≤ 0.001); but not in education, income, 
cigarettes, BMI. CBP patients indicated an average pain 
intensity (0–10) of 5.23, MIG patients of 3.18 (last 7 days) 
and CMD of 2.82 with CBP patients having higher pain 
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intensity ratings than MIG and CMD (F2,257 = 30.1, 
p ≤ 0.001). For the control group without chronic pain, no 
overall pain intensity data were available; 37 out of 296 
participants indicated pain during the last 7 days in dif-
ferent body regions. Limitations of daily activities because 
of pain were 2.74 for CBP, 2.16 for MIG, 2.13 for CMD 
and 1.24 for CTR with CBP showing higher limitation rat-
ings than all other groups, and MIG and CMD higher than 
CTR (F3,597 = 170.2, p ≤ 0.001). For further characterization 
of pain and control groups, please refer to Table 1.

3.2  |  Grey matter volume across chronic 
pain conditions

The whole-brain ANOVA with the between-factor ‘group’ 
showed a significant effect for the contrast ‘pain’ (all pain 
groups) < controls on GMV in the left anterior insula/
temporal pole (Montreal Neurologic Institute (MNI) co-
ordinates: −46, 14, −10; k = 3362 voxels, t = 4.87, p = 0.014; 
FWE-corrected for whole brain) and bilateral paracingu-
late/ anterior cingulate cortex (MNI: 2, 44, −6; k = 2951 
voxels, t = 4.86, p = 0.014; FWE-corrected for whole brain). 
Using the regions of interest approach composite mask de-
scribed above, there were additional effects for the left in-
ferior posterior insula/planum polare (MNI: −42, −3, −12, 
k = 266 voxels, t = 4.14, p = 0.035, FWE-corrected for ROI) 
and left hippocampus/ posterior cingulate gyrus (MNI: −15, 

−45, 2, k = 219 voxels, t = 4.12, p = 0.036 FWE-corrected for 
ROI). The reverse contrast (pain > controls) did not yield 
any significant voxel, not even with a more liberal thresh-
old of p < 0.001 (uncorrected). No other contrast showed a 
significant effect, when FWE correction was applied to the 
whole brain or ROI. Table 2 and Figure 2 provide an over-
view on the ROI-based GMV analysis.

3.3  |  Grey matter volume for each 
pain condition

Using our composite anatomical mask including brain re-
gions relevant for chronic pain (see above), there were un-
corrected results (p < 0.001) for CBP < controls in the left 
anterior insula (MNI: −39, 16, −2, t = 3.54, p = 0.001), and 
superior frontal gyrus medial segment (MNI: 3, 46, −3, 
t = 3.11, p = 0.01), for migraine < controls, in the right an-
terior cingulate gyrus (MNI: 3, 32, −9, t = 3.95, p = 0.001), 
left planum polare (MNI: −45, −6, −14, t = 3.83, p = 0.001), 
left superior frontal gyrus medial segment (MNI: −12, 51, 
−2, t = 3.49, p = 0.001) and left hippocampus (MNI: −15, 
−45, 2, t = 3.27, p = 0.001), and for CMD < controls, in the 
right superior frontal gyrus medial segment (MNI: 10, 46, 
16, t = 3.33, p = 0.001). We found no significant differences 
in GMV between groups with different pain syndromes. 
In addition, the linear regression between pain intensity 
and GMV yielded no significant result.

T A B L E  1   Description of pain and control groups (mean [standard deviation]).

Group
Chronic back 
pain (CBP)

Migraine 
(MIG)

Cranio-mandibular 
pain (CMD)

Controls 
(CTR)

F3,597 value/
significance

Group differences 
(Tukey-HSD p < 0.05)

Age 54.06 (12.7) 47.89 (12.1) 44.74 (14.9) 54.95 (14.2) 11.7/p < 0.001 MIG, CMD < CBP, CTR

Sex [m/f] 73/101 15/77 8/31 197/99 92.0/p < 0.001 CBP ≠ MIG, CMD ≠ CTR

TIV 1532 (149) 1503 (128) 1489 (154) 1550 (150) 11.7/p < 0.001 CBP, MIG, CMD < CTR

IQR 2.77 (0.32) 2.64 (0.23) 2.56 (0.17) 2.84 (0.35) 16.5/p < 0.001 MIG, CMD < CBP, CTR

Education 12.67 (2.3) 12.47 (2.1) 13.00 (2.4) 13.1 (2.6) 1.82/p = 0.14

Income 1264 (608) 1407 (672) 1322 (600) 1491 (731) 0.08/p = 0.97

Alcohol (g/day) 7.75 (11.6) 3.66 (6.94) 8.33 (13.3) 10.3 (12.1) 8.23/p = 0.001 MIG < CBP, CTR

Cigarettes 
(packyears)

7.47 (13.9) 3.98 (8.72) 6.17 (13.3) 7.40 (12.3) 2.03/p = 0.11

BMI 28.3 (4.6) 27.1 (4.9) 27.2 (4.4) 27.9 (4.2) 1.74/p = 0.16

PHQ9 4.43 (3.0) 4.35 (3.4) 5.92 (3.5) 2.24 (2.5) 36.0/p < 0.001 CTR < CBP, MIG < CMD

Stressors 1.98 (0.84) 2.05 (0.81) 2.08 (0.64) 1.64 (0.69) 21.2/p < 0.001 CTR < CBP, MIG, CMD

Pain intensitya 5.23 (2.00) 3.18 (3.12) 2.82 (1.45) 30.06/p < 0.001 MIG, CMD < CBP

Pain limitation 
degreeb

2.74 (0.96) 2.16 (0.83) 2.13 (0.80) 1.24 (0.43) 170.2/p < 0.001 CTR < MIG, CMD < CBP

Abbreviations: BMI, body mass index; IQR, image quality rating; PHQ9, patient health questionnaire for depression; TIV, total intracranial volume.
a0–10.
b1–5.
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3.4  |  Mediators of chronic pain

The relationship of pain (pain groups vs. controls) with 
GMV in the left hippocampus was mediated by self-reported 
stressors (burdening life events) in the last 12 months (direct 
effect x on y = 0.0229, t = 4.45, p = 0.00001; indirect effect x on 
y = −0.00282, 95% CI −0.00614273 to 0.00001919) (Figure 3). 
There was no mediating effect of mild depression.

3.5  |  Prediction of chronic pain by grey 
matter volume

All variables were found to follow a linear relation-
ship. Correlations between predictor variables were low 
(r < 0.46), indicating that multicollinearity was not a 
confounding factor in the analysis. Goodness-of-fit was 
assessed using the Hosmer–Lemeshow test, indicating a 
good model fit, χ2(8) = 4.71, p > 0.05. The binomial logistic 
regression model was statistically significant, χ2(4) = 22.7, 
p < 0.001, resulting in a small amount of explained 

variance, as shown by Nagelkerke's R2 = 0.049. The overall 
percentage of accuracy in classification was 58.4%, with a 
sensitivity of 64.4% and a specificity of 52.2%. Of the four 
GMV clusters entered into the regression model, the left 
hippocampus (p = 0.011) and left anterior insula/tempo-
ral pole (p = 0.043) contributed significantly in predicting 
chronic pain, and the paracingulate/anterior cingulate 
cortex (p = 0.069) showed a trend, but not the left inferior 
posterior insula/planum polare.

4   |   DISCUSSION

The current study set out to investigate the association 
of different chronic pain syndromes (chronic back pain, 
migraine, craniomandibular disorder) and the brain's 
grey-matter volume in a population-based cohort under 
consideration of confounding variables and mediators as 
well as the potential predictive value of altered grey mat-
ter for chronic pain. Significantly less GMV was found in 
clusters of the left dorsal anterior insula/temporal pole, 

T A B L E  2   Results of the region of interest (ROI) analysis with a composite mask comprising the bilateral amygdala, thalamus, 
hippocampus, insula, anterior cingulate cortex, ventral striatum and frontal pole, area Fp2.

MNI coordinates

Region Hemisphere T value
p value, (FWE-
corrected for ROI) Cluster size x y z

Paracingulate gyrus, anterior cingulate, area 
s32

R 4.79 0.003 2208 3 42 −8

Insular cortex, area ld6 (dorsal anterior) L 4.17 0.027 655 −40 16 −3

Insular cortex, area ld3 (inferior posterior), 
planum polare

L 4.14 0.035 266 −42 −3 −12

Hippocampus, subiculum, CA1; posterior 
cingulate gyrus

L 4.12 0.036 219 −15 −45 2

Note: p-values are family wise error-corrected (p < 0.05) for the ROI.

F I G U R E  2   Overlay of the three 
statistical maps of the contrast pain < 
controls for three thresholds: For the 
FWE-corrected for the whole brain 
correction, there was less GMV in the 
ACC and anterior left insula (red). For 
the FWE correction within the ROI, left 
posterior insula and left hippocampus 
were additionally significant (green). For 
the uncorrected comparison (p < 0.001), 
bilateral trends for less GMV were evident 
(blue).
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bilateral paracingulate/anterior cingulate cortex, left pos-
terior insula and the left hippocampal/posterior cingulate 
region when contrasting all three pain syndromes together 
with controls; no region showed larger GMV. Single pain 
conditions did not show altered GMV in comparison to 
controls when correcting for multiple comparisons. One 
reason for this may be the still too low number of included 
participants because effect sizes of comparisons between 
GMV in individuals with chronic pain and controls are 
generally very small (Tagliaferri et al., 2022). Second, the 
diagnosis of chronic pain in population-based cohort stud-
ies is based on self-reported questionnaire data, what may 
reduce their validity. Third, in the current study, groups 
were comparable with regard to psychosocial variables, 
so that GMV differences between groups were not con-
founded and may be smaller than in other studies.

Overall, our analysis suggests a common mechanism 
for the reduction of grey matter volume across the three 
different pain syndromes investigated here. With respect 
to the localization, less GMV in the left anterior and pos-
terior insula and bilateral cingulate cortex has been often 
replicated across different types of chronic pain (Baliki 
et al.,  2011; Cauda et al.,  2014; Henn et al.,  2023; Mayr 
et al.,  2022) with these structures constituting major 
hubs for pain processing (Bliss et al.,  2016; Kohoutová 
et al., 2022; Kuner & Flor, 2017; Kurth et al., 2010). The pos-
terior insula has been framed as an interoceptive system 
receiving information about pain as well as temperature, 
itch, sensual touch, muscular and visceral sensations, va-
somotor activity, hunger and thirst, whereas the anterior 
insula forms a meta-representation of interoceptive and 

exteroceptive information providing the basis for subjec-
tive awareness (Craig, 2003). The ACC, on the other hand, 
has a role in behavioural drive and volition (Craig, 2003). 
Both are part of a salience network integrating informa-
tion about the significance of a stimulation into decision-
making in the context of pain (Seeley et al., 2007; Wiech 
et al.,  2010). Chronic pain goes along with long-term 
changes in synaptic transmission in the anterior cingulate 
and insula (Bliss et al.,  2016; Zhuo,  2020). Neuropathic 
pain, using nerve compression models in rodents, re-
vealed a loss of GMV after surgery in the primary somato-
sensory cortex, anterior cingulate and insula (Seminowicz 
et al., 2009), which has also been observed in human pa-
tients (Rodriguez-Raecke et al., 2009).

Hippocampal grey matter reduction recently moved 
into focus and may be a ‘key player for the development 
of chronic pain in the first place’ (Barroso et al., 2021). 
Hippocampal abnormalities have been demonstrated in 
animals and human patients with persistent pain (e.g., 
Mutso et al.,  2012), especially in women (Reckziegel 
et al., 2021). It is well known that stress and pain cause 
dendritic shrinkage and loss of spine in the hippocam-
pus by elevated levels of glucocorticoids along with ex-
citatory amino acid neurotransmitters (McEwen, 2006; 
McEwen et al.,  2015). In a mouse model of neuro-
pathic pain, lower hippocampal connectivity was ac-
companied by enhanced glutamate concentrations in 
the hippocampus contributing to pain chronification 
(Bilbao et al., 2018). Hippocampal dysfunction may be 
also responsible for maladaptive emotional learning 
and motivation in chronic pain (Barroso et al.,  2021;  

F I G U R E  3   Stressors of the last 12 months as mediator of the association between chronic pain (X) with grey matter volume in the left 
hippocampus (Y). All regression coefficients were significant as indicated with p-values (p < 0.05*; p < 0.01**). (a) Less hippocampal GMV 
(coded in blue—see colour coding for T-values below; hippocampus ROI visualized) showed to be rather symmetric but was significant 
only for the left hemisphere after correction for multiple comparisons within all ROIs predefined. (b) Mediation analysis demonstrated 
significant mediation of chronic pain intensity by experienced stress on GMV of the left hippocampus GMV (effect for the highest significant 
voxel: t = 4.12; MNI-coordinates: −15, −45, 2).
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Nees et al., 2020). Local morphological alterations of the 
brain going along with chronic pain were found to be 
partly reversible when pain ceased to exist after surgery 
(Rodriguez-Raecke et al., 2009). On the other hand, the 
smaller hippocampal volume also constitutes a predis-
position to develop a maladaptive stress response and 
persistent pain (Vachon-Presseau et al., 2013). This may 
be in line with the relationship of pain with left hippo-
campal GMV being mediated by self-reported stressors 
in the last 12 months in the current study. Mild depres-
sion was not a mediator in this study, what may be due 
to the fact that participants with moderate and high de-
pression scores were excluded from it.

Left hippocampal and anterior insula GMV was able 
to predict the presence or absence of chronic pain in a 
model that had a classification accuracy of 58.4%, even 
if the explained variance was minimal. A previous study 
forming subgroups of patients with chronic back pain on 
the basis of psychosocial and brain structural and con-
nectivity variables using machine learning demonstrated 
that classification accuracy dropped considerably, when a 
control group was added to the model derived (Tagliaferri 
et al., 2022). This reflects the fact that neither psychosocial 
nor brain-derived measures are specific for pain, but may 
occur in other conditions and functional networks (at-
tention, emotion, memory, interoception, reward; Cauda 
et al., 2012). Brain structural measures did not contribute 
to classification in the above-mentioned study (Tagliaferri 
et al.,  2022). Using variables reflecting pain modulation 
in individuals rather than those which differ between 
pain and control groups may be a promising way to obtain 
clinically useful predictors on pain at the individual level 
(Mouraux & Iannetti,  2018; see also Mayr et al.,  2022). 
Rather than being specific for the sensation of pain per se, 
these predictors only need to vary systematically with pain 
intensity in order to effectuate mechanism-based stratifi-
cation of pain conditions, prognosticate response to med-
ication and provide personalized treatment (Mouraux & 
Iannetti, 2018). To this end, brain structural measures as 
well as physical and psychosocial variables (see also Mills 
et al., 2019) may contribute to composite biomarkers.

We, therefore, corroborated the results of previous 
studies showing less GMV in well-known regions acti-
vated via ascending nociceptive pathways (anterior and 
posterior insula, anterior and posterior cingulate cortex 
(Kuner & Flor, 2017)), and the left hippocampus.

4.1  |  Limitations

The current study analysed data from community-
dwelling adults gathered in a population-based survey 

(Völzke et al., 2011) not specifically aimed to investigate 
pain, so that the different pain conditions were not equally 
characterized and the collected variables were based on 
self-report. The outcome of comparisons between pain 
groups and the control group is naturally determined by 
the composition of the control group. While in the cur-
rent study, the control group was comparable to the pain 
groups with regard to many possible confounders, they 
differed in other variables, what may have had an im-
pact on the results. However, we reduced the influence 
of these variables by including them as covariates in our 
VBM analyses (sex, age, TIV, IQR) or investigating them 
as possible mediators (stress, depression). Additionally, 
it cannot be ruled out that some control participants had 
chronic pain apart from the three pain conditions investi-
gated here that had no or little significant impact on daily 
activities, what may limit comparisons.

Participants with pain that may have different under-
lying mechanisms were evaluated: Low back pain and 
craniofacial pain, in most cases, may have a nociplastic 
component as the major mechanism, but neuropathic, 
nociceptive origin or even mixed pain might be present. 
In migraines, the nociplastic component predominates. 
Since, except for migraine, there has been no clinical eval-
uation to assess the main pain syndromes, the evaluation 
of these components is limited. Therefore, it is not possible 
to evaluate whether brain alterations can be generalized 
to chronic pain in general or certain pain mechanisms, 
such as nociplastic pain. Although patients using benzo-
diazepines and opioids to treat pain, were excluded, other 
conditions, such as anxiety, were not reported and may 
be confounding factors in the analysis. Also, cognitive 
assessment or reporting of cognitive changes, described 
in patients with chronic pain, especially with nociplastic 
component, could complement the assessment.
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