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KEYWORDS Abstract

Pain processing; The current study aimed to identify alterations in brain activation and connectivity related to
Major depression; nociceptive processing and pain sensitization in major depressive disorder (MDD), using repet-
Neural networks itive heat pain stimulation during functional magnetic resonance imaging (fMRI) in 37 MDD pa-

tients and 33 healthy controls. Regional activation did not differ between groups, but functional
connectivity was significantly decreased in MDD in a neural network connecting frontal, tem-
poral and occipital areas (family-wise error-corrected prwe = 0.045). Supporting analyses sug-
gested a significant association between network connectivity and trait neuroticism (p =0.007)
but not with the clinical state or familiar risk of MDD (all p values > 0.13). Our data relate a
network-based phenotype for altered pain processing and antinociceptive control to MDD and
encourage future studies on the shared intermediate neural psychological risk architecture of
MDD and chronic pain.

© 2019 Elsevier B.V. and ECNP. All rights reserved.
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2008).These data suggests that both conditions may share
common neurobiological mechanisms, but their nature and
origins are poorly understood.

Patients with MDD frequently report more pain than con-
trols, but are usually less sensitive to exteroceptive pain
stimuli across modalities at threshold and tolerance limit
(Bar et al., 2011; Dickens et al., 2003). This decrease in
experimentally-induced pain sensitivity in association with
a higher incidence in reported pain has been referred to
as the “paradox of pain” and ascribed to abnormalities in
the perception and modulation of pain in MDD (Bar et al.,
2011; Nitzan et al., 2019). Brain functional alterations dur-
ing nociceptive processing and pain sensitization, which are
well established for chronic pain (Apkarian et al., 2005),
could underlie these abnormalities. However, the question
of whether such neural deficits are present in MDD is under-
researched. Few studies have specifically tackled this ques-
tion using repetitive heat pain stimulation during functional
magnetic resonance imaging (fMRI) (Rodriguez-Raecke
et al., 2014; Strigo et al., 2008). The authors linked de-
creased activations in right operculum and anterior cin-
gulate cortex (ACC) during nociceptive processing and de-
creased brain stem activation during within-session pain
sensitization to MDD, consistent with a disturbed processing
of the emotional aspects of pain and a failure of the brain
antinociceptive system (Rodriguez-Raecke et al., 2014).

For the origins of the observed neural system-level
deficits in nociceptive processing, several factors appear
plausible. First, the current clinical state or severity of MDD
may play a role, calling for a comparison of the neuroimag-
ing readouts between acute and remitted patients. Second,
the deficits may relate to the genetic liability to depression,
which can be explored by comparing healthy first-degree
relatives (carrying genetic risk variants for MDD) to controls
with a negative psychiatric family history. Third, a wealth
of literature suggests a considerable overlap in personal-
ity traits conveying risk for both MDD and chronic pain, in
particular qualities relating to trait neuroticism (e.g., trait
anxiety, pain catastrophizing) (Gracely et al., 2004; Kadim-
pati et al., 2015; McIntosh et al., 2016). However, the ef-
fects of clinical state and risk factors on neural sensory pain
processing in MDD are unexplored to date.

In the current study, we used a well-established repeti-
tive heat pain protocol during fMRI to test the hypotheses a)
that activation in key neural areas related to pain process-
ing and short-term pain plasticity is decreased in MDD rela-
tive to healthy controls (Rodriguez-Raecke et al., 2014), and
b) that these alterations involve reduced network-based
functional connectivity in the brain nociceptive connectome
in MDD. In supporting analyses, we further aimed to explore
whether the uncovered alterations are influenced by c) the
clinical state of the disorder, d) the familial liability to MDD,
and/or e) trait neuroticism.

2. Experimental procedures

2.1. Participants

We recruited 70 individuals including 37 patients with MDD (mean
age + SD: 34.27 + 11.19 years, 17 males) and 33 healthy controls
without a history of mental illness (25.97 + 9.86 years, 17 males).

All participants provided written informed consent for a protocol
approved by the Ethics Committee of the University of Heidelberg.
General exclusion criteria included MRI contraindications and a his-
tory of neurological illness, somatoform disorder, chronic pain or
current alcohol or drug addiction. Psychiatric diagnoses were con-
firmed by trained clinical interviewers using the SCID-IV interview
(First et al., 2001). From the MDD patients, 23 subjects were remit-
ted while 14 individuals were in an acute disease phase. This def-
inition was based on clinical impression, which was further cross-
validated with individual Beck Depression Inventory (BDI) scores,
with values > 18 suggesting the presence of acute MDD symptoms
(Hautzinger et al., 1995). Eleven MDD patients had previously suf-
fered from a depressive episode and five fulfilled the criteria of a
comorbid axis 1 disorder (dysthymia, social phobia, or obsessive-
compulsive disorder). See Supplemental Tables S1-S3 for further
details. From the controls, 21 individuals had a negative psychi-
atric family history while 12 subjects were healthy first-degree rel-
atives of MDD patients. None of the healthy participants (including
the relatives) had a lifetime history of a psychiatric or chronic pain
condition or received psychopharmacological treatment.

2.2. Repetitive heat pain stimulation during fMRI

Brain nociceptive network challenge was achieved by repetitive
heat pain stimulation during fMRI delivered with a 27 mm diame-
ter combined heat foil/Peltier thermode attached to the left volar
forearm (Pathway CHEPS, MEDOC, Ramat Yishai, Israel). The proto-
col was specifically designed for neuroimaging with a symmetrical
on-off-pattern of stimuli: 60 stimuli of 48 °C (ON) with 5s plateau
with steep rises and declines at 8 °C/s alternating with 5s of 32 °C
(OFF) (Jurgens et al., 2014). Total task duration was 17.6 min or 590
whole-brain scans. For fMRI analysis, the stimulus series was subdi-
vided into 5 blocks of 12 ON and 12 OFF periods. For analysis of
pain time course, a 0-100 numerical rating scale (NRS) was used. To
avoid movement artefacts, ratings were obtained post-scan for 10
evenly spaced time windows. Primary hyperalgesia to heat was as-
sessed 45-60 min post-scan using 3 short test stimuli (50 °C, 8 °C/s
ramp rate from 32 °C baseline temperature, no plateau) each to
stimulation and control area (Peltier thermode, Medoc TSA Il). See
Supplement for further details on the timing of data acquisitions
and the rationale for post-scan hyperalgesia assessment.

2.3. fMRI data acquisition and processing

See supplemental information for details.

2.4. Activation analysis

Activation analysis consisted of a two-level procedure. At the first
level, we defined a general linear model (GLM) for each subject in-
cluding boxcar reference vectors for the two task conditions (con-
volved with the standard SPM hemodynamic response function) and
the head motion parameters from the realighment step. We high-
pass filtered the data (cut-off: 128 s) and calculated individual con-
trast maps for pain processing (“pain > control”) and hyperalge-
sia development (parametric modulation of “pain > control” with
time). Second-level statistical inference included univariate AN-
COVA models with group (MDD patients vs. controls) as a factor and
age and sex as covariates. Guided by prior work (Rodriguez-Raecke
et al., 2014), statistical significance was assessed at p < 0.05, FWE
corrected for multiple comparisons in an a priori defined mask cov-
ering bilateral ACC, insula, brain stem, thalamus, operculum and
DLPFC (the latter defined as Brodman areas 9 and 46) by merging bi-
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lateral labels of the Automated Anatomical Labeling atlas (Tzourio-
Mazoyer et al., 2002).

2.5. Construction of connectivity matrices and
network-based statistic (NBS)

The functional network analysis followed established procedures
(Cao et al., 2016, 2014; Zang et al., 2018). First, we parcellated the
brain in 270 functional spheres of 5mm diameter each. The node
definitions included the 264 locations of the functional brain atlas
by Power and colleagues (Power et al., 2011), to which we added
6 nodes located in bilateral caudate, amygdala and hippocampus
(Cao et al., 2014). We extracted the mean node time series, re-
gressed out white matter, cerebrospinal fluid and head movement
signals and filtered the data with a 0.008 Hz high-pass filter. We
then computed pairwise Pearson correlation coefficients between
the processed node time series, which resulted in 270 x 270 ma-
trices for each subject. Suprathreshold links were identified with
an ANCOVA model (factor: MDD vs. controls, covariates: age and
sex, initial threshold: p <0.0005, uncorrected) and we used NBS
to identify clusters of node links that significantly differed between
groups (Zalesky et al., 2010). The corrected cluster significance was
defined by 5000 permutations.

2.6. Supporting analyses

We conducted four supporting analyses to probe the basis of the
identified network hypoconnectivity during pain processing. To in-
crease sensitivity, we performed post-hoc statistical analyses of the
link estimates of the identified NBS network in SPSS (IBM SPSS Statis-
tics for Windows, version 25.0). To explore the brain network for a)
potential group differences related to the development of hyperal-
gesia, we extracted the mean connectivity from the identified NBS
network links for each stimulation block and participant and used
a repeated measures ANOVA model with group (MDD vs. controls)
and time (heat stimulation block 1-5) as factors to test for inter-
action effects. To further explore the brain network for potential
group differences related to b) disease state (acute MDD vs. remit-
ted MDD) and c) familial risk for MDD (healthy first-grade relatives
vs. controls with a negative family history) and d) associations to
trait neuroticism (STAI-T, (Laux et al., 1981)), we subjected the
mean connectivity estimates of the identified NBS network links to
GLMs (b + c) and correlation analyses (d). All analyses included age
and sex as covariates.

3. Results
3.1. Heat-evoked pain

Repetitive heat stimulation elicited comparable levels
of heat pain in healthy controls and MDD patients
(45.5+4.6vs. 47.9+3.3 NRS, p=0.30) gradually ris-
ing during repetitive heat stimulation (one-way ANOVA:
Fq9 55 = 2.38, p < 0.05, Figure 1a). Although group by time
course interaction analysis was not significant, heat pain
ratings increased significantly from the first time window
in MDD patients (p < 0.005) reaching a peak and gradually
declining thereafter (cubic trend: F; 35 = 6.31, p < 0.017),
but not in healthy controls (all p values > 0.16; cubic trend:
Fi35 = 2.60, p < 0.117). Testing heat pain 45-60 min later
outside of the MRI scanner revealed significant heat hyper-
algesia of the conditioned skin in both groups, suggesting

a similar level of peripheral nociceptor sensitization (both
p < 0.001, Figure 1b).

3.2. Activation analysis

We detected a highly significant activation increase in brain
regions associated with pain processing including bilateral
insula, aMCC, supplementary motor area and thalamus as
well as a highly significant activation increase over time in
key control areas of the nociceptive network including bi-
lateral DLPFC (all p values < 0.05, FWE-corrected for the
whole brain, see Figure 2a and b and Supplemental Tables
S4 and S5 for a full list of significant regions). However,
we detected no significant activation differences between
MDD patients and controls for pain processing or the de-
velopment of hyperalgesia in the a priori defined regions
(all p values > 0.05, FWE corrected for region of interest).
Moreover, subsequent data inspection at exploratory statis-
tical thresholds (p < 0.001, uncorrected for multiple com-
parisons) did not provide evidence for a sizeable group dif-
ference in any other brain region.

3.3. Network-based statistic (NBS)

NBS identified a cluster of links with a significant decrease
in functional connectivity in MDD compared to controls dur-
ing pain processing (cluster-level FWE-corrected p=0.045,
Figure 3a and b). The cluster consisted of 65 nodes and 70
links mainly interconnecting frontal, temporal and occipital
cortices. Specifically, the majority of links (53%) included at
least one node interconnecting the frontal cortex with other
areas. A detailed description of all network nodes and links
of the cluster is provided in Supplemental Table S6.

3.4. Supporting analyses

In further statistical analyses of the identified NBS network
we detected no group differences in network connectiv-
ity in acute vs. remitted MDD patients (t=0.52, p=0.61,
Figure 3c) or healthy controls without a psychiatric fam-
ily history vs. those with a first-degree relative with MDD
(t=0.10, p=0.92, Figure 3d). However, we observed a sig-
nificant negative correlation between the functional con-
nectivity estimates of the identified network and the trait
anxiety of participants in an analysis including all partic-
ipants (r = —0.32, p=0.007, Figure 3e). In addition, we
detected a significant group by time interaction effect with
a significant increase in the functional connectivity of the
identified NBS network in healthy controls and a relative
absence of this increase in MDD (F(47,) = 3.73, p=0.006,
Figure 3f). Further analyses suggested that task regres-
sion, depression severity, medication load and somatization
symptoms were unrelated to our NBS finding (see Supple-
ment for details).

4, Discussion

In this study, we used a well-established repetitive heat pain
protocol during fMRI to study nociceptive processing and
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Figure 1 a) Repetitive noxious heat stimulation elicits moderate heat pain with slowly increasing magnitude over time. MDD pa-
tients exhibit a more pronounced increase of heat pain over time (overshoot of heat hyperalgesia in early time windows) compared
to healthy controls; * p < 0.05 and ** p < 0.01 vs. first pain rating interval. b) Repetitive heat stimulation elicits heat hyperalgesia
in the conditioned skin area at 45-60 min after conditioning (primary hyperalgesia 1°H); *** p < 0.001 vs. unconditioned adjacent
control area on the same (left) volar forearm. MDD, major depressive disorder; NRS, numerical rating scale.
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Figure 2 a) Repetitive heat pain stimulation during fMRI (contrast: pain > control) elicits highly significant activations
(prwe < 0.05, whole-brain corrected) in key cortical areas of nociceptive processing including bilateral insula and anterior midcin-
gulate cortex (aMCC). b) Over time (contrast: [pain > control]*time, parametric modulation analysis), heat pain stimulation results
in a highly significant increase of activation (ppwe < 0.05, whole-brain corrected) in key control areas of nociceptive processing
including bilateral dorsolateral prefrontal cortex (DLPFC). For illustration purposes, we displayed activation maps at a threshold
of t=3 using BrainNet Viewer (https://www.nitrc.org/projects/bnv/). fMRI, functional magnetic resonance imaging; FWE, family
wise error.
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Figure 3 a) Cortical cluster of identified node links superimposed on a 3D brain template b) demonstrating a significant connec-
tivity decrease in MDD patients compared to healthy controls during fMRI repetitive heat pain stimulation (prwe < 0.045, cluster
permutation corrected). ¢) No evidence for differences in cluster connectivity in acute vs. remitted MDD patients or d) healthy
controls with vs. without a first-degree MDD relative but e) significant correlation of connectivity estimates and trait anxiety scores
of participants (p=0.007). f) Significant group by time interaction effect in cluster connectivity in healthy controls vs. MDD pa-

tients over time (p=0.006). HC, healthy control subject; MDD,

major depressive disorder; rMDD, remitted MDD; aMDD, acute

MDD; REL-, no family history of MDD; REL+, healthy MDD relative; fMRI, functional magnetic resonance imaging; FWE, family wise

error.

pain sensitization in depression and explore the potential
origins of the identified neural alterations (Jurgens et al.,
2014). Our findings did not provide evidence for regional
brain activation deficits in MDD during pain processing. In-
stead, we identified connectivity alterations in a neural net-
work of frontal, temporal and occipital nodes displaying
deficient connectivity. Further analyses suggested that the
network deficits related to trait anxiety, but not the clinical
severity of MDD nor the genetic liability to the disorder in
unaffected individuals.

In contrast to a prior study with a similar protocol
(Rodriguez-Raecke et al., 2014), we did not detect any sig-
nificant brain activation differences related to nociceptive
processing or within-session pain sensitization in MDD, not
even at an uncorrected exploratory significance level. We
may speculate that differences in the experimental proto-
cols explain this discrepancy. While Rodriguez-Raecke and
coworkers acquired pain intensity ratings during fMRI, we
refrained from such assessments to minimize higher-order
cognitive processes related to the evaluation of pain during
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fMRI. Thus, while their conclusions on disturbed emotional
processing of pain and failure of the antinociceptive system
in MDD may still be valid, the corresponding brain activa-
tion findings may be induced by protocols engaging cogni-
tive processing of pain such as appraisal of its perceived
intensity.

We further used NBS to identify a cortical network with
reduced functional connectivity of node links during pain
processing in MDD. We have repeatedly demonstrated the
sensitivity and robustness of this method for the identifica-
tion of neural connectivity risk markers (Cao et al., 2016,
2018; Zang et al., 2018). Notably, although widespread in
nature, the majority of links of the identified cluster in-
volved node definitions mapping to the frontal cortex, which
points to a lack of prefrontal regulatory impact in MDD
during pain processing, which was previously shown to be
a major source of intracortical pain control in a heat hy-
peralgesia condition (Lorenz et al., 2003). This is in line
with a previous investigation showing altered prefrontal-
limbic activation patterns in MDD patients to pain antici-
pation (Strigo et al., 2008). Consistent with this, the de-
tected network hypoconnectivity profile in MDD related to
the absence of the functional connectivity increase with
continuing pain stimulation displayed by the controls. This
is consistent with the electroencephalography finding of a
lower increase in network redundancy parameters in MDD
patients after electrical pain stimulation (Leistritz et al.,
2013). These data suggest that the identified cortical net-
work reflects increased coupling of the brain antinocicep-
tive system during pain sensitization in health, which ap-
pears to be absent in MDD. In contrast, this coupling was
found to be exaggerated in borderline personality disorder
(Schmahl et al., 2006).

Our supporting analyses on the potential origins of the
identified neural system-level deficit revealed a significant
correlation between the functional connectivity estimates
of the assumed nociceptive control network and trait anx-
iety, an important dispositional risk factor for MDD related
to dysfunctional prefrontal-limbic regulation of affective
responses (Pezawas et al., 2005). Trait anxiety shows
significant conceptual overlap with pain catastrophizing,
a well-established maladaptive cognitive style related to
negative affectivity and potent psychological risk factor
for chronic pain (Malfliet et al., 2017; Thieme et al., 2015;
Treede et al., 2019).

Several limitations of our study merit comment and call
for the replication of our findings, including the modest
sample size of our subgroups and the incompletely defined
role of clinical aspects such as disorder onset age, duration
and number of episodes. Moreover, the neural underpinnings
of depression and anxiety disorders are highly overlapping,
making the specificity of the reported connectivity alter-
ations during pain processing in MDD to categorical psychi-
atric diagnoses rather unlikely.

Taken together, our findings identify a network-based
functional phenotype for altered pain processing and
antinociceptive control in MDD that is unrelated to the clin-
ical state and familial disposition for the disorder. Instead,
we provide evidence for the role of an intermediate psy-
chological risk factor for both MDD and chronic pain related
to negative affectivity and linked to a higher-order corti-
cal control network involving the prefrontal cortex. These

data call for future research examining neural network-
based functional alterations in prefrontal regulatory circuits
in MDD (Diener et al., 2012) and encourage the study of the
shared temperamental risk architecture of depression and
chronic pain.
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