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Abstract

Neuroimaging studies have demonstrated that reward system is associated with chronic pain diseases. In addition, previous
studies have also demonstrated abnormal functional and structural brain regions in primary dysmenorrhea. However, the
relation of reward system and primary dysmenorrhea is still unknown. Using the resting state functional magnetic resonance
imaging, we aimed to investigate the functional connectivity changes of reward system during periovulatory phase in primary
dysmenorrhea. Forty-one primary dysmenorrhea patients and 39 matched female healthy controls participated in this study.
Compared to healthy controls, primary dysmenorrhea patients showed decreased connectivity of left nucleus accumbens
with the bilateral anterior insula and the left amygdala and decreased connectivity of right nucleus accumbens with ventral
tegmental area, the left hippocampus, the right orbital frontal cortex, and the right anterior insula. In addition, the decreased
functional connectivity between the right nucleus accumbens-ventral tegmental area negatively correlated with the level of
prostaglandin F2 alpha. Our findings provide neuroimaging evidence in support of the abnormal reward system connectivity
in primary dysmenorrhea patients, which might contribute to a better understanding of the cerebral pathophysiology of
primary dysmenorrhea.
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posterior cingulate cortex (ACC/dPCC), periaqueductal
gray (PAG), hypothalamus, left ventral portion of
precuneus, left superior/middle temporal gyrus
(STG/MTGQG), right cerebellar tonsil, and medial prefron-
tal cortex (mPFC).>® The brain functional
abnormalities in PDM were found in default mode
network (including the ventromedial prefrontal cortex,
ACC, PCC, precuneus, inferior parietal cortex, inferior
temporal cortex, hippocampus, and thalamus)® and
anterior insula (AI)'°, and also in the hypoconnectivity
between the PAG and the default mode network during
painful menstruation and pain-free periovulatory
phase.®!'! In addition, the altered functional connectivity
in ACC was correlated with disease duration and sever-
ity.” However, the existed neuroimaging studies mainly
focused on the descending modulatory pain system
(DMPS)'? that regulates the pain perception and endo-
crine function. Actually, pain is defined as an unpleasant
experience for actual tissue damage.'® Previous eviden-
ces have manifested that the chronic pain was associated
with anhedonia, the inability to experience pleasure.'*
And abnormal dopamine receptor and response exist
in chronic pain.'>'® Furthermore, studies of brain
neural circuits have well documented that mesolimbic
reward circuit is responsible for motivation and cogni-
tion behaviors, including pain.'”"'® Therefore, the reward
system might be involved in the pathophysiology of
chronic pain, including PDM. However, few studies
have attempted to explore the alteration of reward cir-
cuit network in PDM.

In this study, we aimed to investigate the potential
functional alteration in reward network in patients
with PDM at ovulatory period. As the nucleus accum-
bens (NAc) is the central node in reward system'’,
we constructed the reward network by NAc-based func-
tional connectivity via the resting state functional mag-
netic resonance imaging (rs-fMRI) in PDM patients and
matched healthy control (HC) subjects. Then, voxel-wise
two-sample t-test was applied to evaluate the difference
of reward network between PDM and HC groups.
Furthermore, the correlation analysis between the
abnormal brain reward network and PGF,, was also
investigated, with the aim to explore whether the dysfunc-
tional reward network at menstrual period is correlated
with the plasma level of PGF,, in PDM.

Materials and methods

Subjects

A total of 80 right-handed subjects were recruited,
including 41 PDM patients and 39 female HCs. All sub-
jects were recruited from nearby university by advertise-
ments. The study was approved by the Institutional
Review Board of Affiliated Hospital of Chengdu

University of Traditional Chinese Medicine. All partic-
ipants signed the informed consent. All PDM patients
received pelvic ultrasound to exclude secondary dysmen-
orrhea caused by organic pelvic disease (such as endo-
metriosis or adenomyosis). The inclusion criteria for the
PDM subjects were as follows: (1) 18-30 years old, no
history of fertility; (2) a regular menstrual cycle of
approximately 27 to 32 days; (3) a history of menstrual
pain longer than 6 months; (4) an average menstrual
pain score rated > 4 on a visual analog scale (VAS,
0=no pain sensation, 10=the worst pain sensation)
over the last 6 months; and (5) right-handedness.
The inclusion criteria for HCs were similar to those for
PDM subjects, but without pain during menses.
The exclusion criteria for all subjects were as follows:
(1) using oral contraceptives, hormonal supplements,
Chinese medicine, or any centrally acting medication
(e.g., opioid, antiepileptics) within the last 6 months;
(2) organic pelvic disease; (3) psychiatric or neurologic
diseases; and (4) any contraindications to magnetic res-
onance imaging (MRI). All subjects were instructed to
refrain from ingesting caffeine and alcohol for 24h
before the MRI scan.

Experimental design

MRI scans were arranged at periovulatory phase (days
10-14 of the menstrual cycle), individually scheduled
according to each subject’s menstrual cycle. Blood sam-
ples for prostaglandin E, (PGE,) and prostaglandin
F», (PGF,,) were collected at menstruation (days 1-3 of
the menstrual cycle). Self-rating anxiety scale (SAS)*® and
self-rating depression scale (SDS)*' were used to evaluate
each subject’ s anxiety and depression level at periovula-
tory phase (days 10-14 of the menstrual cycle).

MRI data acquisition

All MRI images of subjects were acquired on a 3.0 Tesla
MRI scanner (Siemens Allegra) at the Huaxi MR
research Center, West China Hospital of Sichuan
University. The subjects were instructed to remain
awake during the scan (eyes closed, heads still but
relaxed, without thinking about anything). Head cush-
ions were used to minimize head motion, and earplugs
were provided to reduce mnoise. High-resolution
T1-weighted anatomical image was obtained with the
following parameters: repetition time (TR)=1900ms;
echo time (TE) =2.26 ms; flip angle =9°; filed of view
(FOV)=256mm x 256 mm; data matrix =256 x 256;
and in-plane resolution=1mm x 1 mm. Resting-state
functional images were acquired using a gradient-echo
echo-planar imaging sequence with the following param-
eters: TR=2000ms; TE=30ms; flip angle=90°;
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FOV =240 mm x 240 mm; matrix size =64 x 64; and
in-plane resolution =3.75 mm x 3.75 mm.

Data preprocessing

The Data Processing Assistant for Resting-State fMRI
(DPARSF), which is based on Statistical Parametrical
Mapping software (SPMS, http://www.fil.ion.ucl.ac.uk/
spm) in Matlab 8.0 (The MathWorks, Inc., Natick, MA,
USA), was used to analyze image data. The first 10 time
points were discarded for instability of the initial MRI
signal. The remaining functional images preprocessing
included slice timing, realignment for head motion cor-
rection, co-registration to each subject’s T1-weighted
anatomical images, and normalization against the
Montreal Neurological Institute (MNI) template.
Subjects having head motion exceeded 2mm or 2°
were excluded from further analysis. The images were
resliced with isotropic 3 mm? voxel size when normalized
to MNI space and spatially smoothed using a 6-mm full
width at half-maximum Gaussian kernel. After linear
trends had been removed, the images were filtered with
a temporal band pass of 0.01-0.08 Hz. The noise of
white matter, and cerebrospinal fluid and head motion-
related covariates were regressed out.

Functional connectivity analysis

The bilateral NAc were applied as seed regions and
selected from Harvard-Oxford subcortical atlas.* For
each subject, Pearson correlation analysis was utilized
to calculate the correlation coefficients between the aver-
aged seed region time course and time series of all brain
voxels. Fisher’s r-to-z transformation was applied to
improve the normality of the correlation coefficients.

Statistical analysis

To examine demographic and clinical symptoms between
the PDM subjects and HCs, two-sample t-test was per-
formed on SPSS Statistics, version 20. The threshold was
set at a significant level of p < 0.05. For imaging analysis,
the group difference on bilateral NAc functional

connectivity networks was conducted using two-sample
t-test (REST), controlling the effect of age, and
3dClustSim was used to correct the multiple comparisons
(voxel level, p<0.005; cluster level, o< 0.01; cluster
sizes > 105; http://afni.nimh.nih.gov/pub/dist/doc/pro
gram_help/3dClustSim.html).

To investigate the potential relationship between
altered NAc functional connectivity and PGF,, in
PDM patients, Pearson correlation was calculated. The
significant level was set at p < 0.05.

Results

Demographics and clinical characteristic

The demographics and clinical characteristic of all partic-
ipants are shown in Table 1. No significant difference was
identified in age, SAS score, and SDS score between
PDM patients and HCs (all p values > 0.05). The mean
of PGF,, was 732.60, indicating the PGF,, level was ele-
vated in PDM patients compared to the healthy women.*

Group difference on bilateral NAc functional
connectivity networks

Significant group differences of the left NAc functional
connectivity network between PDM patients and HCs
are shown in Figure 1 and Table 2. Compared to HCs,
PDM patients showed decreased left NAc functional
connectivity in the bilateral Al and the left amygdala.
As the result of left amygdala was not significant after
strict whole brain 3dClustSim correction, we conducted
the small volume 3dClustSim correction, and the result
of left amygdala was significant after whole amygdala-
based small volume correction. Significant group differ-
ences of the right NAc functional connectivity network
between PDM patients and HCs are shown in Figure 2
and Table 2. Compared to HCs, PDM patients showed
decreased right NAc functional connectivity in ventral
tegmental area, left hippocampus (VTA/HIP), and the
right orbital frontal cortex and Al (OFC/AI).

Table |I. Demographic and clinical traits for all participants.

Characteristic PDM (n=4I) HC (n=39) Tor 2 b
Age 22.17+£2.73 2292+ 1.83 —1.44 0.153
VAS (days 10-14) 0 0 - -
SAS (days 10-14) 38.21 +£6.39 35.85+5.13 1.81 0.07
SDS (days 10-14) 39.541+6.84 37.00+6.28 1.72 0.09
PGE, (days 1-3) 542.63 £225.34 - - -
PGF,, (days 1-3) 732,60+ 121.10 - - -

PDM: primary dysmenorrhea; HC: healthy control; VAS: visual analog scale; SAS: self-rating anxiety scale; SDS: self-rating
depression scale; PGE;: prostaglandin E,; PGF,,: prostaglandin F2 alpha.
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Correlation analysis results

The correlation analysis revealed that the decreased
functional connectivity between the right NAc and
VTA was negatively correlated with level of PGF,,
(r=-0.561, p=0.007) (Figure 3). No other significant
relationship was found (all p values > 0.05).

Discussion

In this study, we investigated the potential alteration of
intrinsic in reward network in patients with PDM.
We found that the NAc functional connectivity was
decreased in bilateral AI, amygdala, VTA, hippocampal,

R.Al

=10

Figure 1. Brain regions showing significant group difference on
left NAFC network. Note: p < 0.005, 3dClustSim correction for
bilateral Al, amygdala small volume based 3dClustSim correction
for left amygdala. (a) the decreased NAFC in left Al; (b) the
decreased NAFC in right Al; (c) the decreased NAFC in left
amygdala; (d) the quantitative display of group difference of left
NAFC network. Blue color indicates PDM < HC. The color bar
presents with the z scores. The blue violin represents HC group,
while pink violin represents PDM group. NAFC: nucleus accum-
bens functional connectivity; AMG: amygdala; Al: anterior insula.

and the right OFC, during periovulatory phase.
These abnormal functional connectivity reward network
regions were located within reward circuit and DMPS.

Table 2. Brain areas exhibiting significant group differences in the
intrinsic NAFC network.

MNI coordinates (RAI)
Voxel Peak

Brain region BA size x y z Z score

Left NAFC network

R.AI 48 149 24 27 -9 -3.92

LAl 48 113 -33 9 —18 —3.95

LAMG 34 74 21 -9 —I5 —3.68
Right NAFC network

VTA/LHIP 28 284 —6 —12 —18 —4.30

R.OFC/AI 11 236 30 36 —6 —4.21

NAFC: nucleus accumbens functional connectivity; BA, Broadmann area;
RAI, Right anterior and inferior orientaion; MNI: Montreal Neurological
Institute; VTA: ventral tegmental area; L.HIP: left hippocampus; R.OFC:
right orbital frontal cortex; Al: anterior insula; L AMG: left amygdala; L.Al:
left anterior insula; R.Al: right anterior insula.
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Figure 3. The association between functional connectivity strength
of right nucleus accumbens with VTA and PGF,, in the PDM group,
controlling the age for covariate. NAc: nucleus accumbens; VTA:
ventral tegmental area; PGF,,: prostaglandin F2 alpha.
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Figure 2. Brain regions showing significant group differences on the right NAFC network. Note: p < 0.005, 3dClustSim correction. (a)
the decreased right NAFC in VTA and left HIP; (b) the decreased right NAFC in right OFC and Al; (c) the quantitative display of group
difference of right NAFC network; Blue color indicates PDM < HC. The color bar presents with the z scores. The blue violin represents
HC group, while pink violin represents PDM group. OFC: orbital frontal cortex; VTA: ventral tegmental area; HIP: hippocampus; Al:

anterior insula; NAFC: nucleus accumbens functional connectivity.
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Moreover, we found that the decreased functional con-
nectivity of the right NAc-VTA was associated with
higher level of PGF,, at menstruation period in patients
with PDM. Taken together, our findings suggested that
the dysfunctional reward network would be a potential
biomarker for the evaluation of PDM. This study would
advance our understanding of the central nervous system
mechanism of PDM.

The decreased NAc functional connectivity within
the reward circuit

First, the decreased NAc functional connectivity in
PDM patients was located within the reward circuit,
including VTA, OFC, and hippocampal. The VTA-
NAc dopaminergic transmitting is crucial for the
reward processing, while the information delivery in
the VTA-NAc modulates nociceptive and pain-related
affective behaviors.**> The activation of NAc-
projecting dopaminergic neurons in the VTA can
suppress persistent pain.’® The decreased NAc-VTA
functional connectivity in PDM patients would indicate
that the reward network might be related to the modu-
lation of pain. The OFC is a nexus for sensory integra-
tion.”” Neuroimaging studies found that the OFC
participated in the conscious experience of pleasure
and reward.?®?’ Thus, it is involved in emotional and
reward-related behaviors.”” Wu et al. reported that
PDM patients had greater ReHo in the OFC and pre-
sented activated during menstrual phase of PDM."
They also observed that increased activity in OFC at
the onset of PDM was negatively related to subjective
pain rating.*° The present findings of the NAc-OFC con-
nectivity might be a reflection of the adaptive changes to
the long-term menstrual pain state though emotional
and reward feedback behaviors. The hippocampus is a
part of the limbic system and plays a vital role in the
processing of opiate-related reward memories. Reward-
driven motivation can enhance long-term memory and
makes it become adaptive.’' Hippocampus accepts the
projections of dopamine neurons in the VTA and exists
convergent connectivity between the NAc and VTA.*!#
In addition, structural and functional alters in hippo-
campus have been reported in the previous study of
female menstrual cycle.” Consequently, our finding
may further verify that hippocampus is involved in the
memory of pain and influence later pain adaptive behav-
ior in PDM. Taken together, our finding indicated the
abnormal reward circuit which related pain modulates as
well as emotional and memory adaption mechanism in
PDM patients.

The decreased NAc functional connectivity in
the DMPS

Present results showed that the NAc FC with Al and
amygdala were in PDM patients. The Al and amygdala
are main part of the pain descending (top-down) pathway
and engaged modulate transmission of ascending nocicep-
tive signals.>® The AI receives afferent projections from
thalamus and forms mutual connections with the amyg-
dala, limbic system.** Noxious stimuli and pain could
activate the Al region. Previous studies have found that
Al appears to be involved in sensorimotor processing,
socio-emotional processing, and cognitive functions.*
The AI produces emotional awareness after receiving
noxious stimulation from the thalamus, transmits this
signal to the amygdala, which is sequentially attached to
hypothalamus and PAG.*® Voxel-based morphometry
studies found that gray volumes decreased at the Al
cortex in patients with chronic back pain.*’~** In the pre-
vious study, it also found that the GM density of insula in
patients with PDM was lower than HCs.? Besides, the
decreased FC between Al and mPFC was also
observed,®!® which suggested that abnormal structure
and function of Al in patients with PDM. The amygdala,
located in the medial temporal lobe, is important for emo-
tional processing.>* As pain is a multidimensional experi-
ence, the amygdala has garnered much attention for
involving the emotional-affective dimension of pain.***
Moreover, early evidence proved that the amygdala was
involved in mediating the effects of stimulus-reward by
projecting to the NAc.** Altered amygdala functional
connectivity has been observed in patients with chronic
pain such as irritable syndrome,*>*¢ migraine,*’ and uro-
logical chronic pelvic pain syndromes.* Our study found
that patients with PDM had decreased NAc FC between
the Al and amygdala, suggested that the interaction
between the descending modulate pain system and
reward system was abnormal in patients with PDM.

The association of NAc-VTA FC and PGF2a. level
in PDM

PGF,, is an important regulator for menstruation.
It constricts the endometrial vessels and the smooth
muscle of the myometrium during menstruation.*
PGF,, excessively released generates an ischemia-
reperfusion response causing painful menstruation.™
Therefore, it is generally considered to be the main
reason for dysmenorrhea.’’ Previous studies suggested
that the increase of PGF,, was positively related to dys-
menorrheic pain.>” This study found that the decreased
FC of reward network NAc-VTA was related to the ele-
vated level of PGF,, in the menstrual period, suggesting
that the abnormalities of the intrinsic reward network in
the pain-free period would be a potential predictor for
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the severity of pain in the menstrual period in PDM
patients. Ovarian hormones act as critical neuroregula-
tory, neurotropic, and neuroprotective factors in brain,
which affect on structure and function of the brain.>
And as a cyclic occurring pain conditions, patients with
PDM accept the nociceptive input to the central nervous
system and induce the alteration of structure and func-
tion, which further result in central sensitization.’
Therefore, PGF,,, as an important hormone involved in
dysmenorrhea, has been directly and indirectly associated
with brain “adaptive plasticity.” However, further longi-
tudinal follow-up study is needed to verify our results.
This correlation does not indicate the causal relationship
between the ovulation reward network abnormality and
the blood index, which needs to be further clarified
through longitudinal research.

Limitations

There were several limitations in this study. First, we
only focused on the NAc functional connectivity net-
work in the pain-free state, not in the menstrual pain
state. Future study should enroll patients with two peri-
ods of PDM and further investigate the dynamic varia-
tion of reward network in PDM. Second, the behavioral
evaluation is limited in this study, and future studies
should comprehensively assess the pain and reward
system in the menstrual period and pain-free state.
Third, we only investigated the functional alterations
of reward system in PDM, and future studies should
combine with multimode of neuroimaging data (e.g.,
structural and arterial spin labeling) to explore the asso-
ciation between abnormal reward system and PDM
characteristics.

Conclusion

In summary, our study used NAc-based functional con-
nectivity method to investigate the functional alteration
in PDM. The results suggested that the PDM showed
dysfunctional within the reward system and the connec-
tivity between reward system and DMPS. In addition,
the decreased functional connectivity of NAc-VTA was
negatively correlated to the level of PGF,,. This study
would advance our understanding of the central nervous
system mechanism of PDM and provide a potential
target for alleviating pain in the menstrual period.
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