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Abstract

Background This study aimed to identify mesocorticolimbic functional abnormalities in cluster headache (CH)
patients, disentangling the roles of chronification and affective symptoms.

Methods Using the monetary incentive delay fMRI task to directly engage these pathways, we investigated
functional alterations in key regions of this network in chronic (n=23) and episodic CH patients (n=49) compared
to a control group (n=32). After processing the fMRI data, we extracted beta values from selected regions and for
contrasts of interest and entered them into logistic regression models adjusted for potential confounders (such as
depressive and anxiety symptoms and smoking habit) to test their association with the diagnoses (chronic CH and
control subjects, episodic CH and control subjects).

Results Results showed that chronic CH patients exhibited reduced ventral tegmental area (VTA) activity and a
tendency towards significance (p=0.056) for an increased medial prefrontal cortex (mPFC) responsiveness during
reward anticipation, alongside a significant decrease in mPFC activity during reward outcomes. Episodic patients
displayed abnormal mPFC activity across both reward phases, but coupled with intact VTA responses. Importantly,
these functional abnormalities were not correlated to depressive and anxiety symptoms and smoking habits.

Conclusions These findings suggest that chronic CH patients experience an imbalance in the VTA-mPFC pathway,
while episodic patients may show early signs of this emerging dysfunction. Moreover, the observed reward
processing alterations seem distinct from those associated with affective disorders, possibly highlighting unique
mechanisms underlying the pathophysiology of CH.
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Introduction
Although the etiology of cluster headache (CH) is not yet
fully elucidated, a central origin has been hypothesized,
with the hypothalamus as a potential key structure in
the pathogenesis of this condition [23]. However, several
works have also highlighted neuroplastic changes in a
broader set of brain regions [2, 14, 21, 42, 53] with recent
evidence suggesting a dysfunction in the functional con-
nectivity among the salience, executive, and default
mode network, possibly indicating reduced flexibility
in switching between internally and externally directed
brain states [1]. In this framework, our group has recently
shown that patients with the chronic form of CH pres-
ent resting-state functional alterations and anatomical
abnormalities of the mesocorticolimbic system [16, 17].
Clinical research has consistently demonstrated abnor-
malities in this network in various chronic pain condi-
tions [56], identifying it as a key player in the transition
from acute to chronic pain [6, 60] and indicating that pro-
gressive dysregulations in reward processing and motiva-
tional/emotional deficits could play a crucial role in this
process. A recent theory proposes that the corticolimbic
system plays a crucial role in preventing the development
of chronic pain by regulating emotional responses to
aversive stimuli. In individuals with greater susceptibility,
this regulatory control would be lost, resulting in a more
intense emotional response to pain that, through a learn-
ing process involving the corticolimbic system, would
lead to neural maladaptation, eventually resulting in the
reverberation and amplification of pain [59]. In line with
this, the high prevalence of psychiatric comorbidities in
chronic pain - such as depression, anxiety, and addiction
- along with evidence indicating that mesocorticolim-
bic dysregulations are core transdiagnostic pathogenetic
mechanisms across multiple domains and psychiatric dis-
orders [9, 15, 54], suggest that abnormalities in this net-
work are related to the transition into chronic pain and/
or to psychiatric co-morbidity. However, the relationship
among the development and maintenance of chronic
pain, the accompanying psychiatric/affective symptoms,
and the specific relationships with alterations in the
mesocorticolimbic/reward system remain controversial.
Trying to overcome the limitations of our previous
works [16, 17], in this study, we took a decisive step in
studying the mesocorticolimbic system in the context of
CH by investigating distinct groups of patients (chronic
and episodic) alongside healthy controls and employ-
ing the Monetary Incentive Delay (MID) [31] functional
magnetic resonance imaging (fMRI) task to probe the
mesocorticolimbic system directly. The MID task, a
well-established paradigm in neuropsychiatric research
[29], effectively elicits reward-related cognitive pro-
cesses allowing solid conclusions about alterations of the
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dopaminergic system, known to be compromised also in
CH condition [12, 13].

We specifically assessed whether the ventral tegmen-
tal area (VTA), the nucleus accumbens (Nacc), and the
medial prefrontal cortex (mPFC), key regions of the
mesocorticolimbic/dopaminergic system, are function-
ally impaired in the chronic form (cCH) and/or in the
episodic form (eCH) of CH, with a focus on isolating the
effects of chronification. Furthermore, we assessed the
relationship between these functional abnormalities and
affective symptoms, as well as other clinical factors, such
as smoking, to assess their influence on the observed
abnormalities.

Methods

Participants

A total of 85 CH patients were consecutively recruited
from those who were hospitalized to treat recurrent
attacks or being treated at outpatient clinics. All patients
were diagnosed by experienced neurologists (M.L., A.P,
L.G.) according to the criteria of the International Clas-
sification of Headache Disorders, 3rd edition (ICHD-3)
[44]. Exclusion criteria were the following: concomitant
diagnosis of other primary or secondary headache dis-
orders, cardiovascular disease, diabetes mellitus, hyper-
tension, a history of psychiatric and other neurological
conditions, and MRI contraindications. Moreover, the
occurrence of a CH attack during the MRI session was
an additional key exclusion criterion. After discarding 2
patients because they experienced a CH attack during the
MRI session, 2 patients for excessive head movements
during fMRI (see next paragraph), and 9 patients for tech-
nical problems during fMRI acquisitions, the final sample
comprised a total of 72 CH patients [23 ¢cCH, 29eCH
in-bout (eCHin), 20 eCH out-of-bout (eCHout)], includ-
ing 11 females and 61 males (mean age: 44 +10.9 years;
age range: 22-71 years; see Table 1 for details). A total
of 32 healthy participants (CTRL) (5 females, 27 males;
mean age 40+ 11.4 years; age range: 20—68 years) who
reported no history of primary headache, chronic pain,
or neurological or psychiatric disorders were recruited
as controls. Information on the patient’s medical history,
ongoing medications, and smoking habits was collected
during the clinical examination. Before MRI acquisi-
tion, all the participants completed the Beck Depression
Inventory (BDI-II) [7] and the State-Trait Anxiety Inven-
tory (STAI-S and STAI-T) [57]. CH patients rated the
level of headache pain on a 10-cm visual analogue scale
(VAS) (0=no pain; 10=worst pain imaginable) before
and after the MRI. Only one cCH patient reported a
pain level of 4 before the MRI session and 5 afterward,
but the pain was not defined as a CH attack. The study
was approved by the local ethics committee, and written
informed consent was obtained from each participant.
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Table 1 Demographic and clinical characteristics of the participants and related statistics. *Missing values. Abbreviations: cCH, chronic
cluster headache; eCHin, episodic cluster headache patients in-bout; eCHout, episodic cluster headache patients out-of-bout; CTRL,
control subjects; Pts, patients; VAS, visual analogue scale (0-10); BDI, Beck Depression Inventory; STAI, State-Trait Anxiety Inventory; M,

mean; SD, standard deviation

Between-group statistics

cCH eCHin eCHout CTRL cCH vs. CTRL eCH vs. CTRL cCH vs. eCHin vs.

eCHout

Participants 23 29 20 32 - - - - -

Age (ys; M= SD) 44+102 47+£109 41+102 40+114 T(53)=-1.58 p=0.120 T(79)=-1.90 p=0.061 F(259) =136 p=0264

Males/Females 17/6 27/2 17/3 27/5 X2(1,55)=091 p=0339 X2(1,81)=053 p=0468 X*(2)=365 p=0.161

BDI scores 12495 12+82 8+6.1 5+48 U=120.5 p=0.004 U=286.5 p=0001 F(2.58)=1.13 p=0330

STAI-S (State anxiety) 50+11.0 53+88 48+105 48+95 U=208 p=0492 U=4325 p=0.183 F(259) =136 p=0.264

STAI-T (Tract anxiety) 47+78 50+9.7 52+10.7 45+83 U=191 p=0275 U=334 p=0010 F(2, p=0.327
59)=1.14

Smokers/No smokers  15/7 * 20/9 17/3 12/19*  X2(1,53)=447 p=0034 X2(1,80)=10.84 p<0.001 X2(2)=1.97 p=0.374

Cigarettes per day 8,0-60 10,0-40 15,0-40 0,0-20 U=199 p=0015 U=350 p<0.001 F(2,68)=029 p=0.749

(Median, range)

Right, left, shiftingCH 11,66 13,151 8,120 - - - - - X2(2)=1266 p=0.013

attacks

Daily attacks (Median, 2.0,03-6 15, - - - - - - F(1,49)=003 p=0.853

range) 0.15-5

Years of disease (Me- 10,2-27 135, - - - - F(1,47)=087 p=0357

dian, range) 2-29

Years of chronic dis- 3,1-23 - - - - - - - - -

ease (Median, range)

Pts under Lithium 7 3 1 - - - - - X’(2)=525  p=0.063

Pts under Verapamil 5 2 4 - - - - X2Q2)=266 p=0264

or Corticosteroids

VAS before MRI (Me- 0,0-4 0,0-0 0,0-0 - - - - - H(2)=2.13 p=0.345

dian, range)

VAS after MRI (Me- 0,0-5 0,0-0 0,0-0 - - - - H(2)=2.13 p=0.345

dian, range)

Descriptive statistics of demographic, clinical, and
behavioral data

Differences between groups (cCH vs. CTRL and eCH
vs. CTRL) for demographic (age, sex) and clinical (BDI
and STAI scores, number of active smokers, and num-
ber of cigarettes smoked per day) variables were tested.
Moreover, for CH patients, differences among diagnostic
groups (i.e., cCH, eCHin, and eCHout) for clinical vari-
ables (BDI and STAI scores, number of active smokers,
number of cigarettes smoked per day, lateralization of
attacks, number of attacks per day, years of illness, num-
ber of patients on lithium and verapamil/corticosteroid
therapy, VAS before and after MRI) were evaluated. For
this purpose, after assessing the normality of data distri-
bution and the homogeneity of variance, where neces-
sary, parametric (T-test or ANOVA) or non-parametric
(Mann-Whitney test, Chi-square test, Kruskal-Wallis
test) statistics were implemented in JASP (v0.18.3.0). The
results were considered significant for p <0.05.

MRI assessments
All the participants were scanned with a 3T magnetic
resonance imaging (MRI) system (Achieva, Philips

Healthcare BV, Best, NL) using a 32-channel head coil. As
part of the MRI protocol, high-resolution structural 3D
T1-weighted (T1w) image (TR=9.86 ms, TE=4.59 ms,
FOV =240 x 240 mm, voxel size=1 mm?, flip angle = 8o,
185 sagittal slices) and T2* 2Dmulti-slice echo-pla-
nar imaging (EPI) to collect fMRI data (TR=2000 ms,
TE=30 ms, FOV =240x 240 mm, voxel size=2.5 mm?,
flip angle =80, 355 volumes, 50 axial slices with 10% gap
acquired in ascending order, 3 dummy volumes) were
acquired in each participant. Expert neuroradiologists
visually inspected all morphological images to exclude
apparent brain abnormalities or artifacts affecting the
quality of the exam.

Monetary incentive delay (MID) task

Before scanning, participants received detailed instruc-
tions on the MID task, performed a 2-minute training
session on a laptop computer, and were tested to ensure
they fully understood the task. Participants were pre-
sented with 2 runs of the MID task, implemented in
Eprime (v.3.0.3.31), each one comprising a total of 96
trials. At the beginning of each trial, participants were
shown a cue (duration: 2000 ms) indicating whether they
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were starting a trial that would potentially lead to a gain
(a circle to potentially gain5€, 1€, 0€) or a loss (a square
for potentially losing 5€, 1€, 0€). The cue was accom-
panied by the display of the amount of money the par-
ticipants could gain or lose in order to reduce learning
processes with respect to the presentation of the geo-
metric shape alone. Note that for the purposes of data
analyses, gain and loss trials of 0€ were considered con-
trol trials. Next, after the presentation of a fixation cross
(duration: 2000 ms to 4480 ms), participants were shown
a target (triangle, duration: 1000 ms) to which they had
to respond as quickly as possible using a response box
to win money (in the case of gain trials) or to avoid los-
ing money (in the case of loss trials). If the participants
responded in the predetermined time window, the trial
was “hit”; otherwise, it was considered “miss” The time
window within which the subject had to respond was
automatically calculated by an algorithm that readjusted
itself for each trial based on the subject’s performance to
keep the success rate around 66%. Then, the participants
received feedback (duration: 2000 ms) on the amount of
money won, if the trial was "hit” during the gain trials,
or lost if the trial was "missed” during the loss trials. In
order not to encourage gambling, and as clarified with
each participant at the beginning of the study, the money
won was not paid out. Reaction times (RTs) and accuracy
rates were collected during the execution of the MID
tasks.

Reaction times and accuracy rates during the MID task

For RTs, after discarding all the values below 100 ms
(considered anticipated RTs), the median values were cal-
culated for each subject and each type of trial (gain trials,
loss trials, and control trials). These values were entered
into a repeated measures ANOVA to assess the effects of
the within-subject factor ’trial’ (gain, loss, control) and
the between-subjects factor ‘group’ (cCH, eCH, CTRL)
on RTs.

The same procedure used for RTs was applied to assess
the effects of the within-subject factor ’trial’ and the
between-subjects factor group’ on accuracy rates.

To exclude possible differences in RTs and accu-
racy rates between the eCHin and eCHout groups, we
repeated the above analyses employing the data from
cCH, eCHin, eCHout, and CTRL as between-subjects
factor ‘group!

For all the statistics, the results were considered sig-
nificant for p<0.05. All the statistical analyses were con-
ducted using JASP (v.0.17.1.0) (https://jasp-stats.org).

Regions of interest

To investigate the mesocorticolimbic activity, we selected
the following regions of interest (ROIs): the bilateral
VTA, Nacc, and mPFC. Nacc and VTA ROIs were
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extracted from a recent probabilistic atlas [48], while the
bilateral mPFC ROI was built as a 10 mm sphere cen-
tered in MNI coordinate [+4 50 3], as already employed
in Martucci et al. [35]. All the ROIs were resampled to
match the fMRI data resolution.

Analyses of fMRI data

Data preprocessing and processing were performed
with SPM12 (Wellcome Department of Imaging Neu-
roscience, University College, London, UK; http://ww
w.filion.ucl.ac.uk/spm) running on MATLAB R2022a
(The Mathworks, Inc.). For each participant, volumes of
both fMRI scans were slice-timing corrected, spatially
realigned to the first volume of the first functional run,
and un-warped to correct for between-scan motion. The
T1-weighted image was segmented and spatially nor-
malized to the Montreal Neurological Institute (MNI)
space, and the produced parameters were then applied
to the T1-w realigned fMRI data for normalization. All
functional volumes were then spatially smoothed with
a 6 mm full-width half-maximum (FWHM) Gauss-
ian kernel. Motion parameters were used as predictors
of no interest in the subsequent statistical analysis (see
below), and framewise displacement (FD) [50] was calcu-
lated from realignment parameters, with a threshold of 1
employed to determine the number of outliers volumes.
If this number exceeded 5% of the scan’s total volumes,
the whole scan was discarded. This leads to the exclusion
of 2 CH patients and to the exclusion of 1 single run in
9 CH and 2 CTRL participants. For each participant, the
preprocessed functional data were entered into a first-
level analysis using general linear models (GLMs). In the
first-level analyses, 4 regressors to identify regions acti-
vated by gain and loss anticipation processes (evoked
by the presentation of the cue), as well as during ”hit”
and “miss” outcomes (evoked by the presentation of the
feedback) were built as done in previous studies [30, 35].
The regressors were: 1) GainAnt: gain anticipation (cue
with +5€) versus control anticipation (cue with 0€); 2)
LossAnt: loss anticipation (cue with —5€) versus con-
trol anticipation (cue with 0€); 3) GainOut: gain hits
(feedback with +5€ or + 1€ outcome) versus gain misses
(feedback with 0€) during the outcome phase; 4) NoLos-
sOut: loss hits (feedback with 0€ outcome) versus loss
misses (feed-back with —5€ or -1€ outcome) during the
outcome phase. In line with previous studies [27, 35], we
did not include the 1€ trials in the GainAnt, and LossAnt
contrasts because robust responses during anticipation
are present for larger rewards in the NAcc, mPFC, and
midbrain areas [30]. However, for the outcome phase, we
included the beta values for both outcomes (5€ and 1€) to
maximize statistical power. Indeed, for each type of con-
dition, we had 32 trials (16 per run), with an estimated
66.7%success rate (hit’), which needed to be compared
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to the negative outcome ('miss’ in about 33.3% of cases).
Relying solely on the 5€ condition would have obviously
resulted in a limited number of 'missed’ trials (we antici-
pated 22 ’hits’ and only 10 'misses’ for each condition).
Therefore, we decided to use the beta values from both
outcomes, thus exploiting the maximum statistical power
available. Group differences were tested employing the
average beta values extracted from each participant (for
each ROI and contrast) using the Matlab getbetas.m
script  (https://github.com/scanUCLA/spm12-getBetas)
and applying the relevant statistics.

Beta values analyses: binary logistic regression models

The extracted beta values for the selected ROIs were Log-
transformed after adding a constant to ensure a mini-
mum value of 1 before being transformed [63]. Based
on these values, we identified and excluded the outliers
in each group and each contrast by applying the inter-
quartile range method (IQR) [62]. For each of the 4 con-
trasts, (i.e. GainAnt, LossAnt, GainOut, NoLossOut) the
respective Log-beta values of each selected ROI were
entered into a 4-block binary logistic regression model
to test whether these values could distinguish patients
from CTRL participants. In particular, we verified their
statistical association with respect to (1) the cCH and
CTRL diagnosis and (2) the eCH and CTRL diagnosis.
Before this step, we determined the demographic/clinical
variables (among the following: age, gender, BDI scores,
STAI-S scores, STAI-T scores, and number of cigarettes
smoked per day) to be included in the models. Thus, for
each statistical association (cCH vs. CTRL and eCH vs.
CTRL), we employed univariate logistic regression mod-
els (ie., testing the relationship of the diagnosis with a
single predictor at a time), and we retained, to be used
in the following 4-block binary logistic regression mod-
els, only the predictors with a lax significance of p<0.1,
since our aim, in this case, was to identify potential pre-
dictor variables and not to test hypotheses [51]. For
each 4-block binary logistic regression model, the iden-
tified demographic/clinical variables were included in
the Null model. To identify the number of predictors to
be included in the models, we followed the recommen-
dation to have at least 5 observations for predictor in a
logistic regression [61], and if the number of identified
predictors exceeded this ratio (1:5), we used additional
4-block binary logistic regression models to test all the
identified predictors. Each 4-block binary logistic regres-
sion analysis comprised: Model #1, including the selected
demo-graphic/clinical variables only; Model #2, includ-
ing Model #1 as a null model and the beta-transformed
values of the VTA; Model #3, including Model #1 and #2
as a null model and the beta-transformed values of the
Nacc; Model #4, including model #1, #2 and #3 as a null
model and the beta-transformed values of the mPFC.
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The diagnostic discrimination accuracy of each logistic
regression model was evaluated using the area under the
receiver characteristic curve (AUC). The odds ratios and
corresponding values were also calculated. Due to our
robust apriori hypothesis, all the results were considered
significant for p<0.05. The use of 4-block binary logistic
regression analyses allowed us to adjust for the poten-
tial confounding effects of relevant demographic/clinical
variables.

As a post-hoc approach, in order to exclude that the
differences observed between the eCH group and the
CTRL group were driven by a specific subgroup of eCH
(eCHin or eCHout), we performed the same binary
logistic regression models to verify the statistical asso-
ciation between the Log-beta values and the eCHina and
eCHout diagnosis only for the contrasts emerged as sig-
nificant at the previous step.

Testing linear correlations between beta values and clinical
scores

To test for a possible linear correlation of the Log-beta
values with the number of headaches per day, Spearman’s
rho correlation was computed for both ¢cCH and eCHin
patients, who were experiencing attacks. Additionally,
linear correlations were assessed between the Log- beta
values and the years of chronic disease in cCH patients,
as well as the year of disease in eCH patients. For all
these analyses, only the beta values of the contrasts that
emerged as significant in the previous logistic regression
analyses were tested.

Results

Demographic, clinical, and behavioral results

For detailed results, see Table 1. The employed statis-
tics showed that the cCH and eCH groups did not differ
from the CTRL group in terms of age and sex distribu-
tion. Non-parametric t-tests showed that BDI scores for
both cCH and eCH groups were significantly different
from those of the CTRL group (cCH vs. CTRL: U=120.5,
p=0.004; eCH vs. CTRL: U=286.5, p=0.001). In addi-
tion, the eCH group, but not the cCH group, showed sig-
nificantly different STAI-T scale scores compared to the
CTRL group (U=334, p=0.010).

Despite the observed differences in BDI and STAI
scores, most CH participants reported mild BDI scores,
with only a few patients showing severe levels of depres-
sion (BDI scores>30: 1 cCH, 2 eCHin, 0 eCHout) or
severe levels of anxiety (scores>59: STAI-S: 4 cCH, 4
eCHin, 2 eCHout; STAI-T: 2 ¢CH, 5 eCHin, 3 eCHin).
Both ¢CH and eCH groups also differed significantly
from the CTRL group in the number of active smok-
ers (cCH vs. CTRL: U=199, p=0.015; eCH vs. CTRL:
U =350, p<0.001). The CH groups (cCH, eCHin, eCHout)
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Fig. 1 Median of the reaction times (RTs) expressed in milliseconds and accuracy rates collected during the different conditions (Gain, Loss, and Control)
of the MID fMRI task. Abbreviations: cCH, chronic cluster headache; eCHin, episodic cluster headache patients in-bout; eCHout, episodic cluster headache
patients out-of-bout; CTRL, control participants

Table 3 Descriptive statistics of Log-beta values extracted from the selected rois [ventral tegmental area (VTA), nucleus accumbens
(Nacc), and medial prefrontal cortex (mPFC)]. Abbreviations: cCH, chronic cluster headache; eCH, episodic cluster headache; CTRL,
control subjects; M, mean; SD, standard deviation; Min, minimum; Max, maximum.

VTA Nacc mPFC
GainAnt cCH eCH CTRL cCH eCH CTRL cCH eCH CTRL
# outliers 1 4 0 1 4 0 1 5 1
M 0.746 0.842 0.854 0.868 0.895 0.901 1.943 1.946 1.94
SD 0.178 0.151 0.109 0.096 0.089 0.079 0.012 0.008 0.009
Min 0437 0.425 0.625 0.668 0.68 0.79 1.921 1.925 192
Max 1.081 1.134 1.103 1.02 1.112 1.113 1.963 1.962 1.956
LossAnt
# outliers 0 1 2 2 3 2 1 4 2
M 0.968 0.967 0.969 0.715 0.708 0.736 1.075 1.076 1.075
SD 0.106 0.101 0.1 0.102 0.105 0.091 0.061 0.055 0.068
Min 0.728 0.709 0.71 0.549 0461 0.535 0915 0.951 0.93
Max 1.131 1.162 1.163 0.936 0.926 0.881 1.157 1.182 1.163
GainOut
# outliers 1 2 2 2 2 0 2 3 2
M 1.396 1.394 1.356 1.345 1.359 1316 1.146 1214 1.249
SD 0.128 0.103 0.117 0.081 0.077 0.074 0.184 0.162 0.086
Min 1127 1.169 1.097 1.152 1.182 1.128 0.86 0.828 1.079
Max 1.688 1613 1.554 147 1.548 1437 1.442 1526 1.446
NoLossOut
# outliers 3 2 2 0 3 2 1 4 1
M 1.257 1.183 1.181 1.142 1.138 1.138 1.369 1355 1.405
SD 012 0.146 0.175 0.112 0.114 0.096 0.1 0.094 0.093
Min 1.044 0.836 0.873 0.894 0.858 0.958 1.147 1.129 1.169
Max 1513 1.445 1529 1.379 1.381 1.318 1.521 1.552 1.554
Beta values analyses: logistic regression models Association with the diagnosis: cCH vs. CTRL

Descriptive statistics for the Log-beta values are reported ~ Univariate logistic regression models (see Table 4)
in Table 3; Fig. 2. Logistic regression results are reported  showed that among the variables tested (age, gender, BD],
in Tables 4, 5 and 6. STAI-S, and STAI-T, number of cigarettes smoked per

day), BDI scores (p=0.001) and the number of cigarettes
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Fig. 2 Log-beta values extracted from the key areas of the mesocorticolimbic system for the anticipation of gain (GainAnt contrast) and the outcome
of Gain (GainOut contrast). The reported p-values (* significant) were obtained employing binary logistic regression models. See the main text for further
details. Abbreviations: VTA, ventral tegmental area; Nacc, nucleus accumbens; mPFC, medial prefrontal cortex; cCH, chronic cluster headache; eCGin,
episodic cluster headache patients in-bout; eCHout, episodic cluster headache patients out-of-bout; CTRL, control participants; GainAnt, contrast gain

anticipation vs. control anticipation; GainOut, contrast gain hits versus gain misses during the outcome phase

smoked per day (p=0.012) were predictors of the diag-
nosis based on the chosen arbitrary threshold (p<0.1).
In order to retain the 1:5 ratio between predictors in
the logistic regression and observations (smallest group
cCH =23 patients), only BDI scores were included in the
subsequent 4-block logistic regression models, with the
beta-transformed values of the 3 ROIs. For the significant
contrasts only, to test the possible confounding effect
of cigarettes smoked per day, we performed the same

logistic regression models using the number of cigarettes
smoked per day instead of the BDI scores.

The 4-block logistic regression models (see Table 5)
testing the association with the ¢cCH and CTRL diagno-
sis showed that Model#1 (with the BDI scores) success-
fully discriminated between the two groups as expected
[x2(43)=10.29, p=0.001, Nagelkerke R* = 0.275]. Regard-
ing the GainAnt contrast, the cCH and CTRL diag-
noses were significantly better predicted by Model #2
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Table 4 Univariate binary logistic regression models results. Univariate binary logistic regression models were used to estimate the
probability of CH compared to CTRL, using demographic and clinical variables of interest as predictors. To identify potential predictor
variables to be used in the 4-block logistic regression models, rather than test hypotheses (Ranganathan et al,, 2017), p-values <0.1

(*) were considered significant. cCH, chronic cluster headache; eCH, episodic cluster headache; CTRL, control participants, BDI, Beck

depression inventory; STAI, State-Trait anxiety inventory

df ax? p Nagelkerke R df ax? p Nagelkerke R*

Predictors cCH vs. CTRL eCH vs. CTRL

Age 53 2.50 0.114 0.06 79 363 0.057* 0.059

Sex 53 0.90 0.342 0.022 79 0.52 0473 0.009

BDI 43 10.29 0.001* 0.275 66 11.75 <0.001* 0216

STAI-T 42 0.65 0419 0.02 66 146 0.228 0.029

STAI-S 42 0.74 0.389 0.022 66 571 0.017* 0.11

# cigarettes/day 49 6.24 0.012* 0.155 76 16.27 <0.001* 0.257

comprising the VTA Log-beta values [x2(41)=5.31,
p=0.021, NagelkerkeR? = 0.168] compared to Model
#1. As expected, Model #2 achieved better performance
(AUC=0.81) compared to Model#1 (AUC=0.76). Model
#3 and Model #4 did not improve prediction accuracy
compared to the previous models. However, Model #4,
comprising the mPFC Log-beta values, showed a ten-
dency towards significance [x2(37)=3.65 p=0.056,
Nagelkerke R* = 0.132]. The Log-beta values showed that
cCH patients presented blunted VTA activity (see Fig. 2;
Table 3) and a slightly increased mPFC activity in com-
parison to CTRL. In regard to the GainOut contrast, only
Model #4, comprising the mPFC Log-beta values, pre-
dicted significantly better the diagnosis with respect to
Model #3 [x2(36) = 8.43, p=0.004, Nagelkerke R* =0.272]
with an amelioration of the AUC (from 0.735 to 0.843).
The Log-beta values showed that cCH patients presented
reduced mPFC Log-beta values in comparison to CTRL
(see Fig. 2; Table 3). For the LossAnt contrast and NoLos-
sOut contrast, no model predicted the diagnosis signifi-
cantly better than Model #1.

The 4-block logistic regression models using only the
number of cigarettes smoked per day as a clinical variable
confirmed that the significant results from the previous
logistic regression statistics were not confounded by dif-
ferent smoking habits between the investigated groups,
as the results remained consistent (see Table 5).

Association with the diagnosis: eCH vs. CTRL

Univariate logistic regression models (see Table 4) indi-
cated that age (p=0.057), BDI scores (p=0.001), STAI-T
scores (p=0.017), and the number of cigarettes smoked
per day (p<0.001) were predictors of the diagnosis based
on the chosen arbitrary threshold (p<0.1).

In order to retain the 1:5 ratio between predictors and
observations (smallest group CTRL=32 participants),
age, BDI scores, and STAI-T scores (3 predictors) were
included as predictors in the subsequent logistic regres-
sion models. As mentioned above, to test the possible
confounding effect of cigarettes smoked per day, we

performed, for the significant contrasts only, the same
logistic regression models using only the number of ciga-
rettes smoked per day in Model #1.

The 4-block logistic regression models (see Table 5)
testing the association with the eCH and CTRL diag-
nosis showed that Model #1, which included age, BD]I,
and STAI-T scores as predictors, successfully discrimi-
nated between the diagnoses [x2(63)=13.59, p=0.004,
Nagelkerke R* = 0.25]. Regarding the GainAnt contrast,
only Model 4, comprising the mPFC Log-beta values,
predicted the diagnosis significantly better than Model
#3 [x2(51) =5.87, p=0.015, Nagelkerke R*>= 0.138]. Model
#4 achieved better performance (AUC=0.78) compared
to Model #3 (AUC=0.74). The Log-beta values showed
that eCH patients presented increased mPFC Log-beta
values in comparison to CTRL (see Fig. 2; Table 3). In
regard to the GainOut contrast, Model #4, comprising
the mPFC Log-beta values, predicted significantly bet-
ter the diagnosis with respect to Model #3 [x2(55) = 6.54,
p=0.011, Nagelkerke R? = 0.153]. Also in this case, there
was an amelioration of the AUC (from 0.78 to 0.84). Log-
beta values showed that eCH patients presented blunted
mPFC Log-beta values in comparison to CTRL (see
Fig. 2; Table 3). In the LossAnt contrast, we found that
adding Model #3 comprising the Nacc Log-beta values,
predicted significantly better the diagnosis with respect
to Model #2. However, we did not consider this result as
significant since the confidence interval of the coefficient
b (see Table 6) included the zero value, thus indicating
that it is not possible to rule out the null hypothesis of
no effect. For the NoLossOut contrasts, no model pre-
dicted the diagnosis significantly better than Model #1.
The 4-block logistic regression models with only the
number of cigarettes smoked per day as a clinical variable
confirmed the significant results observed in the previous
logistic regression analysis (see Table 5).

Overall, logistic regression analyses indicate that dur-
ing gain anticipation (GainAnt) cCH patients showed an
attenuated VTA response associated with an increase
(although not reaching full significance) in mPFC activity,
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Table 5 4-block binary logistic regression model results. For each contrast, a 4-block logistic regression model estimated the
probability of CH compared to CTRL using the Log-beta values as predictors. We computed the area under the curve, sensitivity,
specificity, and precision for the model with demographic/clinical predictors only, the model with demographic/clinical predictors
and VTA Log-beta values, the model with demographic/clinical predictors, VTA, and NAcc Log-beta values, and the model with
demographic/clinical predictors, VTA, NAcc, and mPFC Log-beta values. * Significant p-value (p < 0.05). Abbreviations: cCH, chronic
cluster headache; eCH, episodic cluster headache; CTRL, control participants; BDI, Beck depression inventory; STAI-T, state anxiety
Inventory - Trait; VTA, ventral tegmental area; Nacc, nucleus accumbens; mPFC, medial prefrontal cortex; AUC, area under the curve;
sens., sensitivity; spec., specificity; prec., precision

cCH vs. CTRL

CONTRAST Model df X2 p Nagelkerke R AUC Sens Spec Prec
(BDl) 43 10.29 0.001* 0.275 0.756 0.579 0.731 0611
GainAnt (BD\) +VTA 41 5.31 0.021* 0.168 0.812 0.778 0923 0.875
0 (BDI, VTA) +Nacc 39 023 0.633 0.008 0.826 0.824 0.923 0.875
0 (BDI, VTA, Nacc) + mPFC 37 3.65 0.056 0.132 0.864 0.706 0.92 0.857
LossAnt (B )+VTA 40 0.24 0.625 0.008 0.752 0.579 0.792 0.688
0 (BDI, VTA) + Nacc 37 0.55 0457 0.02 0.809 0.556 0.87 0.769

(BD\ VTA, Nacc)+mPFC 35 0.29 0.593 0.011 0.826 0.667 0.818 0.75
GainOut 0 (BD)+VTA 39 0.07 0.79 0.002 0.769 0.556 0.75 0.625
0 (BDI, VTA) + Nacc 37 0.82 0.367 0.029 0.735 0412 0.833 0.636
(BD\ VTA, Nacc)+mPFC 36 843 0.004* 0272 0.843 0.588 0.792 0.667

NoLossOut 0 (BD)+VTA 38 2.03 0.154 0.07 0.721 0.529 0.875 0.75
(BD\ VTA) +Nacc 35 0.25 0614 0.009 0711 0529 0.818 0.692
MO (BDI, VTA, Nacc)+mPFC 33 3.30 0.069 0.124 0.815 0.688 0.818 0.733
ADDITIONAL MODEL (smoke) 49 6.24 0.012% 0.155 0.688 0.409 0.862 0.692
GainAnt MO (smoke) +VTA 47 6.00 0.014* 0.16 0.767 0.667 0.828 0.737
0 (smoke, VTA) +Nacc 45 0.90 0.343 0.027 0.764 0.65 0.862 0.765
0 (smoke, VTA, Nacc) + mPFC 43 7.86 0.005* 0.224 0.832 0.65 0.821 0.722
GainOut MO (smoke) +VTA 45 0.72 0.395 0.012 0.711 0429 0.815 0.643
0 (smoke, VTA) +Nacc 43 1.21 0.271 0.035 0.715 04 0.852 0.667
MO (smoke, VTA, Nacc) + mPFC 42 8.13 0.004* 0222 0.741 0.5 0.889 0.769

eCH vs. CTRL

(Age, BDI, STAIT) 63 13.59 0.004 0.25 0.762 0.786 0.56 0.75
GainAnt MO (BDI, STAI-T) +VTA 58 0.01 0.943 1.204x10-4 0.751 0.763 0.6 0.744
MO (BDI, STAI-T, VTA) + Nacc 55 013 0.716 0.003 0.737 0.778 0.6 0.737

MO (BDI, STAI-T, VTA, Nacc) + mPFC 51 5.87 0.015* 0.138 0.779 0.794 0.583 0.73
LossAnt MO (BD\ STAI-T) +VTA 59 0.63 0427 0.015 0.761 0.854 0.565 0.778
0 (BDI, STAI-T, VTA) +Nacc 54 2.50 0114 0.06 0.736 0.842 0.5 0.744
MO (BD\ STAIT, VTA, Nacc) + mPFC 50 0.05 0.819 0.001 0.762 0.833 0476 0.732
GainOut MO (BDI, STAI-T) +VTA 59 0.15 0.696 0.004 0.751 0.8 0.5 0.727
MO (BDI, STAI-T, VTA) + Nacc 57 3.01 0.083 0.069 0.784 0.846 0.625 0.786
MO (BDI, STAI-T, VTA, Nacc) + mPFC 55 6.54 0.011* 0.153 0.842 0.816 0.708 0.816
NoLossOut MO (BDI, STAI-T) +VTA 58 0.35 0.555 0.008 0.762 0.85 0522 0.756
MO (BDI, STAI-T, VTA) + Nacc 52 045 0.502 0.011 0.761 0919 0.571 0.791
MO (BDI, STAI-T, VTA, Nacc) + mPFC 50 242 012 0.061 0.75 0.833 0476 0.732

ADDITIONAL MODEL (smoke) 76 16.27 <0.001* 0.257 0.754 0.694 0.724 0.81
GainAnt MO (smoke) +VTA 71 1.58 0.209 0.031 0.758 0711 0.655 0.762

0 (smoke, VTA) +Nacc 68 0.64 0422 0.013 0.772 0.698 0.759 0811
0 (smoke, VTA, Nacc) + mPFC 64 10.65 0.001* 0.211 0.821 0.805 0.679 0.786
GainOut MO (smoke) +VTA 71 0.80 0.37 0.016 0.738 0.745 0.667 0.795
0 (smoke, VTA) +Nacc 69 3.00 0.083 0.06 0.779 0.783 0.556 0.75
0 (smoke, VTA, Nacc) + mPFC 66 4.74 0.03* 0.097 0.801 0.795 0.593 0.761
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Table 6 4-block binary logistic regression model results: parameters value. For each contrast, a 4-block logistic regression model
estimated the probability of CH compared to CTRL. Odds ratios (OR) are based on U unit change of the independent variable. A
U=100. Abbreviations: cCH, chronic cluster headache; eCH, episodic cluster headache patients; CTRL, control participants; BDI, Beck
depression inventory; STAI-T, state anxiety Inventory - Trait; VTA, ventral tegmental area; Nacc, nucleus accumbens; mPFC, medial
prefrontal cortex; LB: lower boundary; UB: upper boundary

b SE OR z Wald Test p LB (95% Cl) UB (95% ClI)
cCH vs. CTRL
GainAnt (Intercept) -185.99 106.92 1681x10°% -1.74 3.03 0.082 -395.54 23.56
BDI 0.17 0.06 1.19 2.70 7.28 0.007 0.05 0.29
VTA -833 424 0.92A -1.97 3.86 0.049 -16.64 -0.03
Nacc 458 6.43 97.18 0.71 0.51 0477 -8.03 17.18
mPFC 96.17 55.12 2.616N 1.75 3.04 0.081 -11.87 204.20
LossAnt (Intercept) -2.87 733 0.06 -0.39 0.15 0.696 -17.23 11.50
BDI 0.22 0.08 1.25 277 7.68 0.006 0.07 0.38
VTA -2.56 4.21 0.08 -0.61 0.37 0.543 -10.80 5.69
Nacc 6.69 4.68 807.04 143 2.05 0.153 -248 15.87
mPFC -3.46 6.45 0.03 -0.54 0.29 0592 -16.10 9.19
GainOut (Intercept) -7.47 824 5.707x1074 -0.91 0.82 0.365 -2361 8.68
BDI 0.14 0.07 1.16 2.05 4.22 0.04 0.01 0.28
VTA -0.72 3.31 049 -0.22 0.05 0.827 -7.21 576
Nacc 16.63 8.16 1.181A 204 415 0.042 063 3262
mPFC -12.38 541 0.8841 -2.29 523 0.022 -22.99 -1.77
NoLossOut (Intercept) 034 6.92 141 0.05 0.00 0.961 -13.23 13.91
BDI 0.18 0.07 1.20 2.53 6.42 0.011 0.04 032
VTA 3.76 3.04 43.02 1.24 153 0216 -2.20 9.73
Nacc 4.79 406 120.53 1.18 1.39 0.238 -3.17 12.75
mPFC -8.73 5.05 0916/ -1.73 3.00 0.083 -18.62 1.16
eCH vs. CTRL
GainAnt (Intercept) -199.78 87.27 1.721x107% -2.29 5.24 0.022 -370.83 -28.74
AGE 0.02 0.03 1.02 0.70 048 0.486 -0.04 0.08
BDI 0.12 0.08 1.13 1.56 244 0.118 -0.03 0.27
STAI-T 0.02 0.05 1.02 0.34 011 0.737 -0.08 011
VTA 0.01 249 1.01 0.00 1.771x107° 0.997 -4.86 4.88
Nacc -0.88 512 042 -0.17 0.03 0.864 -1091 9.16
mPFC 10212 4548 2777N 225 5.04 0.025 12.98 191.26
LossAnt (Intercept) 3.63 6.61 37.88 0.55 0.30 0.582 -9.32 16.59
AGE 0.01 0.03 1.01 0.25 0.06 0.803 -0.05 0.07
BDI 0.19 0.08 1.21 233 544 0.02 0.03 0.35
STAIT -0.01 0.04 0.99 -0.18 0.03 0.859 -0.09 0.08
VTA 1.28 3.86 3.58 033 011 0.741 -6.30 8.85
Nacc -5.75 3.77 0.00 -1.53 233 0.127 -13.14 1.63
mPFC -1.30 5.68 0.27 -0.23 0.05 0.82 -1243 9.84
GainOut (Intercept) -16.77 7.53 5214x1078 -2.23 4.95 0.026 -31.54 -2.00
AGE 0.02 0.03 1.02 0.71 0.50 048 -0.04 0.08
BDI 0.20 0.08 1.22 257 6.63 0.01 0.05 0.35
STAI-T -0.01 0.05 0.99 -0.22 0.05 0.826 -0.10 0.08
VTA 3.07 3.50 21.56 0.88 0.77 038 -3.79 9.93
Nacc 15.93 6.23 1.173A 2.56 6.55 0.011 373 28.14
mPFC -8.22 3.56 0.921A -2.31 533 0.021 -15.20 -1.24
NoLossOut (Intercept) 227 5.81 9.68 0.39 0.15 0.696 -9.12 13.66
AGE 0.04 0.03 1.04 1.29 1.66 0.198 -0.02 0.10
BDI 0.11 0.07 1.12 1.62 262 0.105 -0.02 0.25
STAIT 0.02 0.05 1.02 039 0.15 0.694 -0.07 0.11
VTA -1.27 226 0.28 -0.56 0.32 0574 -5.71 3.16
Nacc 392 3.20 50.16 1.22 1.50 0.221 -2.36 10.19

mPFC -5.80 3.88 0.00 -1.50 2.24 0.135 -13.39 1.80
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Table 7 As post-hoc, we verified whether the observed differences between the eCH and CTRL groups were driven by a subgroup
of the eCH patients (i.e, eCHin or eCHout). To this aim, we employed 3-block binary logistic regression models -only for the significant
contrasts obtained from the logistic regression testing the differences between the eCH and CTRL groups- to estimate the probability
of eCHin compared to eCHout using the Log-beta values as predictors. Since no differences were detected for demographic, clinical,
and psychometric data except for a different lateralization of the headache attacks among the different CH groups, we did not include
in these logistic regression models any additional variables. Abbreviations: eCHin, episodic cluster headache in-bout; eCHout, episodic
cluster headache out-of-bout; VTA, ventral tegmental area; Nacc, nucleus accumbens; mPFC, medial prefrontal cortex; AUC, area under
the curve; sens,, sensitivity; spec., specificity; prec., precision

eCHin vs. eCHout

CONTRAST Model df X2 p Nagelkerke R AUC Sens Spec Prec
GainAnt MO (VTA) 43 052 0472 0.015 0.561 0923 0.105 0.585
MO (VTA) +Nacc 40 0.01 0.923 0.000 0.535 0917 0.053 0.550
MO (VTA, Nacc) + mPFC 37 175 0.186 0.056 0.593 0.773 0.526 0.654
GainOut MO (VTA) 45 013 0.716 0.004 0575 1.000 0.000 0.596
MO (VTA) +Nacc 43 0.72 0.396 0.021 0.571 0.926 0.105 0.595
MO (VTA, Nacc) + mPFC 40 0.01 0910 0.000 0.562 0923 0.222 0.632

Table 8 Correlations of the Log-beta values extracted from the rois in the ventral tegmental area (VTA), nucleus accumbens (Nacc),
and medial prefrontal cortex (mPFC) with years of chronic disease (in cCH patients), years of disease (in eCH patients), number of daily
attacks (in cCH and eCH patients) at the time of scanning. Abbreviations: Ys, years; cCH, chronic cluster headache; eCHin, episodic
cluster headache in-bout patients; VTA, ventral tegmental area; Nacc, nucleus accumbens; mPFC, medial prefrontal cortex; n.a, not
applicable

cCH eCH # attacks/day

(ys of chronic disease) (ys of disease) (cCH, eCHin)

o] p-value P p-value P p-value
GAINant
VTA 0.008 0.972 n.a. n.a. 0.145 0.33
Nacc na. na. na. na. na. na.
mPFC n.a. na. -0.25 0.101 -0.141 0.351
GAINout
VTA na. n.a. n.a. n.a. n.a. n.a.
Nacc n.a. na. na. na. na. na.
mPFC -0.139 0.548 -0.08 0613 0.272 0.065

whereas eCH patients showed only a robust increase in
mPFC responsiveness. In contrast, during the gain out-
come phase (GainOut), both ¢cCH and eCH patients
showed a robust decrease in mPFC activity. These results
appear to be independent of the confounding effects of
the considered demographic/clinical variables.

Association with the diagnosis: eCHin vs. eCHout.

The logistic regression models (see Table 7), which
tested the association between Log-beta values and the
diagnoses of eCHin and eCHout—considering only the
significant contrasts (GainAnt and GainOut) of the pre-
vious logistic regression models testing the association
for eCH and CTRL diagnosis—revealed that neither the
GainAnt nor the GainOut contrasts were able to predict
the diagnosis. Importantly since we did not find any dif-
ferences for age, sex distribution, smoking habits and
psychometric measures, except for the headache attacks
lateralization among the CH patients, we did not use any
of these variables in the logistic regression models.

Testing linear correlations between Log-transformed beta
values and clinical scores

No significant correlations were observed between the
Log-beta values of the significant logistic regression
models and the number of years of chronic disease in the
cCH patients, duration of the disease in the eCH sample,
nor with the number of daily headache attacks (in cCH
and eCHin patients) (see Table 8).

Discussion

Employing the MID task to directly engage the mesocor-
ticolimbic dopaminergic pathways [31], we investigated
functional alterations of key regions in this network (i.e.,
VTA, Nacc, and mPFC) during different reward process-
ing stages (i.e., anticipation and outcome) in comparably
large groups of chronic (n =23) and episodic CH patients
(n=49) compared with a control group (n=32).

Through the application of robust statistical meth-
ods to control for potential confounding variables, we
identified distinct and shared neurophysiological dys-
functions during reward processing in ¢CH and eCH
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patients. Specifically, cCH patients showed blunted VTA
activity associated with increased mPFC responsiveness
(although the latter did not reach full statistical signifi-
cance) during reward anticipation (GainAnt contrast),
while they showed a marked decrease in mPFC activity
during the reward outcome phase. In a distinctive man-
ner, eCH patients displayed an increased mPFC activity
during reward anticipation and reduced mPFC activity
during reward outcome but in the context of intact VTA
responses. Crucially, these functional abnormalities were
observed by controlling for depressive and anxiety symp-
toms as measured by the BDI and STAI scales as well as
the smoking habits. This indicates that these alterations
are associated with CH pathophysiology rather than
to the associated affective symptoms. Importantly, the
observed differences between the eCH and CTRL groups
were not driven by the specific phases of the investigated
eCH patients (eCH in-bout or out-of bout), thus indicat-
ing stable functional abnormalities in the mesocortico-
limbic circuits in eCH patients.

From a clinical perspective, two aspects of the neu-
ral responses to reward anticipation in the MID task
are particularly relevant: their relationship to the dopa-
minergic activity and their association with anhedonia
and impaired motivation in neuropsychiatric disorders.
Firstly, abnormal fMRI mesocorticolimbic responses to
the MID task are thought to be related to dopaminergic
dysregulation. In this regard, research indicates that the
anticipation phase is characterized by a surge in dopa-
mine levels [55], and it is sensitive to the depletion of
dopamine precursors [8] and to the effects of dopamine
reuptake inhibitors [28]. Our findings of blunted VTA
activity during the reward anticipation thus may reflect
an abnormal dopaminergic state in cCH patients. This
interpretation also aligns with the well-established obser-
vation that chronic pain patients exhibit a hyperdopa-
minergic state [58] and by a biochemical study showing
that cCH patients present abnormal tyrosine metabolism
[13]. Secondly, reduced neural activity during reward
anticipation has been associated with impaired motiva-
tion in neuropsychiatric conditions where the MID task
has been widely used [9, 29]. This is particularly impor-
tant because mesocorticolimbic abnormalities in chronic
pain patients are thought to mediate comorbidity with
affective symptoms. Recent conceptualizations highlight
that dysfunctional emotional salience signals play a criti-
cal step in the chronification of pain [60]. However, the
relationships among mesocorticolimbic abnormalities,
affective symptoms, and chronic pain remain empirically
unclear, and few human studies have directly evaluated
this association. Kim et al. [26], investigating both fibro-
myalgia and chronic low back pain with the MID fMRI
task, have shown that blunted responses in the striatum
during gain anticipation were correlated with anhedonia
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and depression scores. Similarly, a more recent study
showed that patients suffering from non-specific back
pain present blunted activity in the ventral striatum dur-
ing reward anticipation [5]. Differently, Martucci et al.
[35], investigating only fibromyalgia patients, showed
a decreased response in the mPFC during the anticipa-
tion phase but no abnormalities in the VTA and in the
Nacc [35]. Notably, in this case, the observed alterations
were not linked to depression or anxiety scores. The rep-
lication of this study in another sample of fibromyalgia
patients further reinforced this observation [47]. Inter-
estingly, the MID task was also used to study episodic
migraineurs showing, at a whole-brain level, altered neu-
ral processing of the reward outcome [32]. Despite the
interesting finding, this research did not report results at
the level of mesocorticolimbic ROIs and did not investi-
gate the possible link with emotional disorders, thus pre-
venting a direct comparison with our study. As expected,
given the well-documented association between chronic
pain and affective comorbidities, CH patients also have
a relatively high prevalence (over 30% of cases) of mod-
erate-to-severe anxiety or depression [26]. Given these
findings and the above considerations, our study neces-
sarily accounted for the high prevalence of anxiety and
depression among CH patients to determine whether
the observed results were influenced by these affective
symptoms.

Although in our study both cCH and eCH patients
presented higher BDI scores than healthy participants,
and eCH patients also showed higher STAI-T scores,
our results indicate that the observed mesocorticolimbic
abnormalities were not related to symptoms of depres-
sion and anxiety. This observation does not support
the hypothesis that abnormalities in affective process-
ing drive the abnormal mesocorticolimbic responses.
Instead, robust statistical analyses (i.e., logistic regression
models) incorporating relevant affective scores (BDI and/
or STAI) suggest that these mesocorticolimbic alterations
are intrinsic to the pathophysiology of CH.

As a crucial region of the mesocorticolimbic system,
the VTA projects multiple and complex dopaminer-
gic pathways to the mPFC [34, 49], regulating executive
functions [46], and to the nucleus accumbens, regulat-
ing motivated behavior and reward-driven learning [40].
Considering the complexity of the dopaminergic sys-
tem, the co-occurring abnormal signal of the VTA and
mPFC in ¢CH associated with an apparent absence of
Nacc dysfunction might indicate a specific involvement
of the VTA-mPFC pathways. Although the VTA’s role in
the pathophysiology of CH remains uncertain and often
underestimated, its critical involvement in the chronic
form of CH is well documented. This is corroborated by
our findings showing marked dysregulation of VTA activ-
ity in cCH patients, as well as by its activation during CH
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attacks [36, 38] and by empirical evidence that VTA-DBS
can control the frequency and severity of attacks [3, 11],
probably by inducing a restoration of the abnormal VTA
dopaminergic activity.

Although in the context of CH, mPFC has not been
given special attention, it is considered a critical region in
chronic pain conditions. On the one hand, it is involved
in processing multiple aspects of pain, such as sensory
[37], cognitive [41], and emotional [19] dimensions.
On the other hand, it exhibits important neuroplastic
changes in chronic pain conditions [4, 39] with a recent
animal study showing that dopaminergic inputs from the
VTA modulate mPFC neuronal activity, potentiating the
activity of periaqueductal gray matter neurons, and ulti-
mately influencing behaviors associated with neuropathic
pain [24].

The abnormal mPFC responses, shared by ¢cCH and
eCH patients, associated with the attenuated VTA activ-
ity present only in cCH patients, may have two alternative
explanations. The first is that altered top-down cortical
influences from the mPFC may induce VTA dopami-
nergic dysfunctions. Although this possibility cannot be
ruled out, the known pathophysiology of CH, in which a
key role of the hypothalamus is hypothesized, together
with the robust interactions between the VTA and the
paraventricular nucleus [25], a hypothalamic nucleus
involved in headache mechanisms [52] and anatomically
abnormal (as part of the anterior-superior hypothalamic
subunit) in patients with ¢cCH [18], suggests a different
interpretation. In fact, the second explanation is that the
mPFC abnormal responses are driven by VTA dopami-
nergic dysfunctions, with the mPFC trying to compen-
sate for those changes. Following this line of reasoning,
it is possible to assume that while VTA dopaminergic
dysfunctions may be fully established in ¢cCH patients,
abnormal mPFC responses in eCH patients might repre-
sent an early, albeit more subtle, sign of the VTA- dopa-
minergic system imbalance.

In this framework, abnormal VTA dopaminergic activ-
ity, in concert with the hypothalamus, could play a cen-
tral role in inducing or modulating CH attacks and, only
when severely impaired, lead to the chronic form of CH.
This interpretation is strongly supported by empirical
evidence that VTA-DBS can control attacks in severe
forms of CH [3, 11].

Due to the possible confounding effects of medication-
overuse headache (MOH), which can influence the activ-
ity of the mesocorticolimbic system [33], it is important
to underline that although chronic CH patients may
occasionally be at risk for medication overuse, none of
the participants in our study met the clinical criteria for
MOH, and all exhibited a distinct interictal period. As for
the analgesic used to control the cluster headache attacks,
all our patients employed subcutaneous Sumatriptan.
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Conclusion

Our findings show a distinct involvement of the VTA
in ¢cCH and robustly indicate an imbalance of the VTA-
mPFC pathways, supporting the hypothesis of an abnor-
mal dopaminergic state in these patients. Although the
picture is less clear for eCH patients, the observed mPFC
alterations may represent an early sign of an emerging
imbalance within the VTA-mPFC pathways. Remarkably,
our results indicate an alteration in reward processing
divergent from affective disorders, thus most likely indi-
cating a mechanism underlying the pathophysiology of
CH.

These findings are of fundamental importance for the
development of future CH treatments, as they identify
the mPFC and VTA as crucial targets for non-invasive
therapeutic approaches. Targeting these areas holds sig-
nificant potential for not only treating and preventing
the chronification of this debilitating condition but also
directly addressing acute attacks. The strong connec-
tions between VTA and mPFC, coupled with the exten-
sive body of research on transcranial neurostimulation
of prefrontal regions for neurological and psychiatric
disorders, provide a solid foundation for implementing
safe clinical trials aimed at restoring these pathways.
Despite the complexity of managing cluster headache
due to its variable clinical course and limited placebo-
controlled evidence, advancing knowledge in neurobiol-
ogy and emerging targeted therapies offer new hope for
more effective and personalized preventive treatment
strategies [45]. In light of our results, recent human stud-
ies indicate that compounds such as Oxytocin [22] and
Losartan [64], which robustly interact with the dopami-
nergic system, can modulate VTA activity. In this frame-
work, vagal nerve stimulation, shown to modulate VTA
in animal models [10], has already demonstrated its effi-
cacy in treating CH attacks [20, 43].

By leveraging our work and this existing knowledge,
there is significant potential to develop innovative treat-
ment strategies that could not only prevent chronic CH,
but also provide effective relief from acute attacks.
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