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Abstract

Background: Endometriosis is a gynecological disorder affecting 6-10% of all women in their
reproductive age. There is an emerging view in the literature that psychological trauma plays a
central role in the pathogenesis of pelvic pain, one of the core symptoms of endometriosis. Here,
we report central nervous mechanisms of a novel combination of psychotherapy and
somatosensory stimulation that has recently shown remarkable effects in reducing pain, anxiety
and depressive symptoms in these patients.

Methods: We conducted a randomized controlled trial. 67 patients with severe endometriosis-
associated pain (maximum pain: 7.6 + 2.0, average pain: 4.5 + 2.0 on a 10-point numeric rating
scale) were included in the study and randomly allocated to intervention (35 pat.) or wait-list
control (32 pat.). Resting-state functional magnetic resonance imaging was used to assess brain
connectivity of these patients at baseline, after three months of therapy and after six months. The
analysis focused on the hippocampus.

Results: We identified a cortical network comprising the right anterolateral hippocampus — a
region modulating the hypothalamic-pituitary-adrenal (HPA) axis — and somatosensory,
viscerosensory and interoceptive brain regions. Regression analysis showed that reduction in
connectivity predicted therapy-induced improvement in patients' anxiety.

Conclusions: We have identified a putative neurobiological mechanism underlying the potent
combination of psychotherapy and somatic stimulation in treating symptoms of endometriosis.
(Trial name: "Cortical Plasticity in a Complex Intervention for Endometriosis",
https://clinicaltrials.gov/ct2/show/NCT01321840, registration number: NCT01321840)
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Introduction

Endometriosis is a common gynecological disorder characterized by endometrial tissue outside
the uterus that affects 6-10% of all women in their reproductive age (1-2). The most frequent
symptoms are dysmenorrhea, chronic pelvic pain, dyspareunia, and infertility (3). Despite
decades of research the disease mechanism is poorly understood. In particular the notoriously
weak correlation between the severity of organic pathology and reported pain intensity still
puzzles clinicians and scientists alike (4-6). One possible explanation is the growing evidence for
psychological factors and central nervous alterations contributing to the course of endometriosis-
associated pain. In particular, several studies have shown that anxiety, depression,
catastrophizing and previous traumatic experiences have a profound influence on pain severity
and pain-related disability in endometriosis and related symptoms (7-10). Furthermore, central
sensitization processes have been demonstrated for endometriosis-associated pain (11) and
dysmenorrhea (12) as have functional and structural brain changes (13-15). These observations
imply that psychotherapy aimed at reducing trauma, catastrophizing, anxiety and stress might be
a valuable tool in the treatment of endometriosis-associated pain.

Here we report the results of a randomized waitlist-controlled trial investigating the central
nervous mechanisms of a novel combination of psychotherapy and somatosensory stimulation
that exploits the interrelation of bodily sensations and painful memories and has recently shown
remarkable effects in reducing pain, anxiety and depressive symptoms in patients with
endometriosis-associated pain (16-17).

We measured treatment-associated changes in brain connectivity by means of resting-state
functional magnetic resonance imaging (rsfMRI). Contemplating probable targets for the trauma-
centered therapy studied here, we chose the hippocampus as starting point for our analysis. It is
one of the central regions in memory and trauma (18-19). Furthermore, hippocampal alterations
are a frequent finding in traumatized patients and have been shown to be reversible by
psychotherapy (20-21). We were particularly interested in the anterior part of the hippocampus,
which besides memory is involved in imagination (22), emotions (18-19), anxiety (23-24), and the
transition from acute to chronic pain (25). To study functional connectivity of the hippocampus, we
applied a recently validated method to segment brain regions into functionally independent
subregions and derive whole-brain connectivity of such regions (26-27).

We hypothesized that patients receiving the intervention would show altered functional
connectivity between the anterior hippocampus and the rest of the brain and that these changes

would reflect improvement of their symptoms.
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Methods and Materials

Participants

We included female patients aged 18-40 years with a clinically proven history of endometriosis,
who were currently suffering from pelvic pain, and had sufficient knowledge of German language.
Sample size calculation revealed that 30 patients per group would be sufficient to answer the
primary study questions (see Supplementary Methods for details).

Exclusion criteria were MRI contraindications, hormonal treatment during the month before
enrollment, as well as drug or alcohol addiction. All patients were free to take analgesics, as
needed. The study was conducted according to the Declaration of Helsinki. All participants gave
written informed consent in accordance with the guidelines of the ethics committee of the
Klinikum Rechts der Isar, Munich, Germany, who had approved the study protocol. The trial is
registered at ClinicalTrials.gov (NCT01321840).

Study design and procedures

This study was a randomized controlled clinical trial with patients being randomly assigned to
either an intervention group or a waiting-list control group. The randomized study period was
three months. After this time, the intervention group was free to continue treatment, and the
control group could also start receiving treatment. All patients were seen by a gynecologist prior
to randomization and were cared for, as required, during the waiting-list period.

The trial involved three study visits, which were scheduled at baseline, three months, and six
months (see Figure 1). At each study visit, patients were seen by a gynecologist. A 5-minute
electrocardiogram measurement to derive heart rate variability measures (reported elsewhere)
was acquired in the gynecological department. Questionnaires to assess pain and other
symptoms of endometriosis, as well as anxiety, stress, depressive symptoms, and health-related
quality of life were completed immediately before the MRI exam, which comprised structural and
functional MRI scans.

To minimize the influence of sex hormone fluctuations on brain function (28-29), great care was
taken to schedule MRI exams between days two and six of the patients’ menstrual cycle (self-
report). This was successful for 95% of the 165 measurements (4/2/1 measurements were

performed on days 1/7/8, resp.).
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Program of each visit: Gynecological exam; 5-min ECG measurement; structural
/ functional MRI exam; questionnaires.

Figure 1: Study design. The randomized phase was three months from the first visit. During this time
subjects in the treatment group received at least four therapeutic sessions. After the second study visit the
control group also received treatment.

Clinical outcomes

The following secondary outcomes were used for the analyses in this paper: (1) maximum pain,
(2) average pain, both assessed retrospectively over the last four weeks by means of a numeric
rating scale (NRS) ranging from 0 (“no pain”) to 10 (“worst pain imaginable”), (3) anxiety and
depression assessed by the Hospital Anxiety and Depression Scale (30), (4) trait anxiety and
stress assessed by the State-Trait Anxiety Inventory (31), (5) health-related quality of life
assessed by the 12-ltem Short-Form Health Survey (32). To control for acute effects, we further
included pain and state anxiety ratings from the day of the measurement as assessed by NRS
and STAI, resp. The use of analgesics was recorded throughout the trial and did not differ

between groups.

Psychotherapy with somatosensory stimulation

The intervention used in this study (16) was an integrative psychotherapy combining elements
from hypnotherapy (33), mindfulness-based psychotherapy (34), cognitive behavioral therapy
(35), and problem-solving therapy (36). A strong emphasis is placed on the joint involvement of
mind and body in the therapeutic process. To achieve this, the approach employs diagnostic

concepts and stimulation methods from Traditional Chinese Medicine (TCM) (37). All patients
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were treated in an outpatient setting by the same therapist (ASA), a medical specialist for
psychosomatic medicine and TCM. The pre-defined minimum number of treatments in the
randomized period was 4 times. However, most patients received more treatments. A typical one-
on-one treatment session takes 60 minutes and topics arise from the current wishes and needs
of the patient. The central theme of the therapy are somatic markers, i.e feelings of pressure,
tension, or pain. Thus, each therapeutic session starts by the therapist asking the patient to
report present worries and accompanying bodily sensations (e.g. pain, tension, pressure etc).
These somatic markers are used as a path to painful memories of adverse life experiences (e.g.
death of a close relative or friend, sexual abuse, domestic violence). A list of such life
experiences identified by the therapist can be found in Tables S1 and S2. Memories are then
uncovered using hypnotic techniques. Once a memory surfaces, it often triggers strong emotional
reactions that patients are encouraged to express. Surfacing memories are treated as if they
were present experiences and the patient is encouraged to develop appropriate solutions from
the present perspective. This may either resolve the problem or uncover a deeper emotional
conflict, which is then treated again by the same approach. The therapist uses acupuncture and
related techniques (moxibustion, cupping) in combination with psychotherapeutic techniques to
resolve the current symptoms. For example, if a patient reports pain in the lower abdomen while
remembering humiliation by a close relative, the patient is asked for her inner needs while
visualizing this situation. At the same time acupuncture point CV3 (~1.5 cm above the symphysis)
is stimulated by moxibustion. This typically induces immediate feelings of warmth in the lower
abdomen and often leads to spontaneous symptom relief. The goal of each session is to render
the patient into a stable and relaxed state, free of pain and negative emotions by resolving

intrusive memories of adverse life experiences.

Imaging

Data were acquired on a 3T Magnetom Verio MRI scanner (Siemens Medical Solutions,
Erlangen, Germany) using the body coil for RF transmission and an 8 channel phased-array
head coil for signal reception. For resting-state functional MRI we acquired a time series of 300
T2*-weighted gradient echo (GE) echo-planar images (EPI) with TR/TE/FA = 2sec/30ms/90° and
an isotropic voxel size of 3 mm (acquisition matrix of 64x64, 35 slices, 0.6mm gap). For
anatomical reference and to screen for brain lesions, we used 3D T1-weighted magnetization
prepared (MPRAGE) data (FA/TE/TR/TI = 9°/2.98ms/2300ms/900ms) with 1 mm isotropic spatial
resolution (acquisition matrix 256x256x160) and T2-weighted FLAIR images (FA/TE/TR/TI =
180°/136ms/8560ms/2500ms) with a voxel size of 0.8x0.7x4.0mm?® (acquisition matrix of
320x288, 29 slices, 0.4mm gap).
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Data analysis
Functional connectivity analysis was centered around the hippocampus. An overview of the

analysis steps is given in Figure 2.

Preprocessing

Data were preprocessed using SPM8 (Wellcome Department of Imaging Neuroscience, UCL,
London, UK, http://www fil.ion.ucl.ac.uk/spm), FSL5.0 (Oxford Centre for Functional MRI of the
Brain, Oxford, UK, http://www.fmrib.ox.ac.uk/fsl/), and scripts. Anatomical images were
segmented using SPM SEGMENT. Gray and white matter maps were used for brain extraction
and anatomical images were normalized to MNI| space using a 12-parameter affine
transformation (FSL FLIRT) followed by non-linear warping (FSL FNIRT) with a warp resolution of
ten millimeters. Functional images were corrected for head motion by realigning each volume to
the middle volume of the run. After temporal high-pass filtering with a 0.01Hz cut-off and brain
extraction (FSL BET) the data were denoised (FSL FIX) (38). After manual training of the FIX
classifier on a subset of 12 of our datasets, noise components were automatically detected and
their unique variance was regressed out. Filtered functional images were co-registered to the
anatomical scan, using FLIRT with boundary-based registration (39), and non-linearly
transformed to MNI space using transformation parameters of the anatomical scans. Images
were up-sampled to 2mm isotropic resolution and spatially smoothed by a Gaussian kernel of 5
mm FWHM.

Functionally independent hippocampal subregions

Functionally independent subregions of the hippocampus were identified using masked
independent component analysis (26-27) of the temporally concatenated data of all subjects at
baseline and three months. Analysis was restricted within the bilateral hippocampus by a mask
derived from the Harvard-Oxford atlas, using a tissue probability threshold of 50%. Preprocessed
functional data were projected into a 10-dimensional subspace using probabilistic principal
component analysis after voxel-wise de-meaning and normalization by the voxel-wise variance
(40). The number of dimensions was pre-defined and based on our previous research (27). The
goal was to partition the hippocampus into five subregions per hemisphere. Whitened
observations were decomposed into spatial maps and time-courses using a fixed-point iteration
technique optimizing for non-Gaussian spatial distributions (41). Resulting group-level component
maps were divided by the standard deviation of the residual noise and thresholded by fitting a

mixture model to the histogram (40).
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Figure 2: Flow diagram of relevant analysis steps. Functional segmentation of the hippocampus using
masked independent component analysis with a bilateral hippocampal mask was followed by a modified
dual regression approach, where subject-level time-courses were extracted for each hippocampal
subregion to derive cortical and subcortical regions with significant functional connectivity. In a repeated-
measures analysis of variance we identified those regions that showed differential connectivity changes
between intervention and control group (i.e. a significant group x time interaction). Averaged connectivity
values from these regions were then tested for their association with clinical outcomes at baseline. Those
outcomes that predicted connectivity at baseline were followed up by regressing changes in connectivity
after three and six months against changes in these clinical outcomes.

Whole-brain connectivity of hippocampal subregions

Multivariate functional connectivity between hippocampal subregions and the whole brain was
assessed using a modified dual regression approach (42, 26). This analysis uses group-level ICA
results to derive single-subject versions of each independent component (IC). These can then be
used for within- and between-subject analyses (40). The first regression step used a general
linear model (GLM) with the spatial maps of all 10 hippocampal ICs as design matrix. It was used
to derive subject-specific time-courses for each hippocampal IC in a process that effectively
averages the time-courses of all voxels, while weighting each voxel with the respective z-value of
the IC at that voxel. The second regression step used a GLM with these subject-specific time-
courses as design matrix to identify subject-specific whole-brain spatial maps of voxels
associated with them. Group-level maps showing whole-brain functional connectivity of the 10
hippocampal subregions were obtained by passing the unthresholded single-subject parameter
estimates and variance maps up to mixed-effects analysis using FSL FLAME1. A supplementary
one-sample t-test was used as group-level design matrix to display group-averaged connectivity
and the resulting z-maps were thresholded at a value of z > 5 after conventional thresholds had

proven too liberal.
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Repeated measures analysis of variance

Since we were interested in therapy-related changes of functional connectivity, we repeated the
above-mentioned mixed-effects analysis using a repeated measures analysis of variance
(ANOVA) as group-level design matrix. We included the within-subjects factor “time” and the
between-subjects factor “group” and tested for a significant interaction that would indicate a
differential connectivity change in the intervention and control group. Brain maps were
thresholded using cluster correction for multiple comparisons. The cluster forming threshold was
z > 2.3 and cluster-size threshold was p < 0.05, Bonferroni-corrected for the number of ICs (i.e. p
< 0.005). Mean connectivity values and their standard deviations were extracted for each IC and
each subject using a mask of all significant voxels on subjects’ z-maps. Because a recent paper
had shown problems with cluster-based thresholding procedures (43), we also repeated our
analysis using a much more conservative threshold of z > 3.1 and p < 0.005.

Since significant group differences were found at baseline, we calculated additional analyses of
covariance (ANCOVAs) on the mean connectivity values. By including baseline connectivity
values as covariates, we excluded the possibility that interactions were driven by baseline

differences.

Regression of connectivity and clinical outcomes

To explore possible connections between clinical outcomes and functional connectivity, we used
multivariable linear regression analysis. A first regression was conducted for the baseline values,
with acute, maximum and average pain, state and trait anxiety, age, anxiety and depression, as
well as physical and mental health scores of the SF-12 entered as independent variables, and
functional connectivity of the rAL hippocampus entered as dependent variable. Ratings of acute
pain and state anxiety from the day of the measurement were added to the list of pre-defined
clinical outcomes to rule out the possibility that our results reflect short-term changes in brain
function, whereas age had been shown to influence hippocampal connectivity (44). Stepwise
multivariable regression was then performed using bidirectional elimination and Akaike’s
information criterion for model selection.

To limit the number of parallel tests in later statistical analyses, only those clinical outcomes that
predicted connectivity at baseline were followed up further. Thus, the two significant predictors as
derived from this model (i.e., maximum pain and trait anxiety) were entered as independent
variables in multivariable regression analyses of the changes in functional connectivity of the rAL

hippocampus after three and six months, respectively (separated by group).
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Results

Participants

67 patients with endometriosis-associated pain were recruited for the study. All patients had
histologically confirmed endometriosis and the average time since last confirmation was 2.7
years. Patients were randomly allocated to the intervention group or the control group (flow chart
in Figure S1). Both groups were comparable with regard to all baseline characteristics except for
HADS anxiety (see Table 1). Data from 60 patients (30 per group) were available after three
months. At that time, participants in the intervention group had received 8.7 £ 2.1 (mean £ SD)
treatments. After six months, data from 40 patients (20 per group) were available and participants
in the intervention and control group had received 16.1 £ 4.2 and 10.5 + 5.0 treatments,

respectively. No patient took hormones or had surgery during the study period of six months.

Clinical outcomes

Therapy-induced changes in clinical outcomes have been reported in detail elsewhere (16). In
summary, after three months we found significantly larger improvements for all of the above-
mentioned outcomes in the treatment group as compared to controls (all p<0.05). Effect sizes
were medium to large. After six months, following delayed intervention, improvements seen in
control patients almost equaled those observed in patients, who had receive immediate

intervention (all p>0.3).

10



Table 1: Demographic, diagnostic, and pain characteristics of the study participants

Treatment Control
Variable Group Group p-Valuet
(n=30) (n=30)

Age, mean years (SD) 35.2 (4.7) 36.4 (4.8) 0.341
BMI, mean (SD) 23.2 (3.6) 22.2 (2.4) 0.200
Endometriosis Stage, ASRM Score (%) 0.231

/ 2 (7%) 3 (10%)

I 10 (33%) 9 (30%)

1l 7 (23%) 13 (43%)

v 11 (37%) 5(17%)
Time since diagnosis, mean years (IQR) 47(1.564) 51(1.0-7.3) 0.451
Time since last histologic confirmation of
endometriosis, mean years (IQR) 22(00-33)  31(1.0-60) 0155
Pain outcomes (NRS, 0-10)
Maximal pain (last 4 weeks), mean (SD) 7.5(2.1) 7.7 (2.0) 0.684
Average pain (last 4 weeks), mean (SD) 4.9 (2.1) 4.1 (1.9) 0.133
Disease-related Quality of Life
SF-12 - Physical health sum score, mean (SD) 45.6 (7.4) 42.5 (7.4) 0.110
SF-12 — Mental health sum score, mean (SD) 42.1 (11.4) 40.8 (9.8) 0.639
Depression, Anxiety, Stress
Trait Anxiety, Stress (STAI), mean (SD) 42.8 (9.1) 48.0 (11.2) 0.061
Anxiety (HADS), mean (SD) 7.6 (3.4) 9.8 (3.4) 0.017
Depression (HADS), mean (SD) 5.4 (2.8) 5.5 (3.0) 0.981

T Two-sided t-test, Mann-Whitney U test, or y?-test.

Abbreviations: SD, Standard deviation; IQR, Interquartile range; BMI, Body mass index;

ASRM, American Society for Reproductive Medicine; DSF, Pain Questionnaire of the

German Society for the Study of Pain; SF-12, 12-Item Short-Form Health Survey; STAI,
State-Trait Anxiety Inventory, HADS, Hospital Anxiety and Depression Scale.
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Figure 3: Functional connectivity of the hippocampus and its relation to treatment effects of psychotherapy
with somatosensory stimulation. (A) Segmentation of the bilateral hippocampus into functionally-
independent subregions by masked ICA. The analysis identified three regions in the anterior, one in the
mid, and one in the posterior hippocampus closely replicating earlier results obtained in healthy subjects
(25). (B) Hippocampal subregions whose whole-brain connectivity changed differentially in the intervention
and control group between baseline and three months. Connectivity values shown as mean + 95% CI. Note
that all three regions lie in the anterior part of the hippocampus and that group differences vanish after
controls have received delayed treatment. (C) Multivariable regression with clinical outcomes showed that
the right anterolateral hippocampus was the only subregion whose whole-brain connectivity at baseline
was predicted by long-term clinical outcomes, namely maximum pain and trait anxiety. Abbreviations: BL,
baseline; mo, months.

Functional connectivity of the hippocampus

Functional connectivity analysis showed a segregation of the hippocampus into three anterior, one
mid and one posterior region, closely reproducing recent results obtained in healthy subjects (27)
(Figure 3A, Table S3). All hippocampal subregions showed significant whole-brain functional
connectivity (Figure S2). For three subregions, namely the right and left anterolateral (rAL, IAL),
and right anteromedial (rAM) hippocampus, ANOVA identified cortical networks whose
hippocampal connectivity showed a significant interaction between the factors of group and time

(Figures 3B, 4A and 4C, Table S4). When using more conservative thresholds, only the left



anterolateral subregion showed this interaction (Figure S3). All interactions were still significant,
when we controlled for group differences at baseline. As hypothesized, all three regions were
located in the anterior part of the hippocampus. Multivariable regression identified a model with the
predictors acute pain, maximum pain, trait anxiety, anxiety, and depression for the dependent
variable of whole-brain connectivity of the rAL hippocampus. This model yielded a significant
regression equation (F(5,44) = 2.792, p = 0.028), with an R? of 0.241. The only significant single
predictors were maximum pain (t = 2.312, p = 0.026) and trait anxiety (t = 2.135, p = 0.038), which
together explained 18.2 percent of the variance (Figure 3C). None of the other two hippocampal
subregions (IAL, rAM) had significant predictors.
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Figure 4: (A) The cortical network associated with the right anterolateral hippocampus showing differential
connectivity between treatment and control group. Involved regions include primary and secondary
somatosensory cortex, supramarginal gyrus, posterior midcingulate cortex, right fronto-insular cortex and
temporal pole. (B) Reduced functional connectivity between this network and the right anterolateral
hippocampus was associated with therapy-induced reductions in trait anxiety. Three months after therapy
onset, treatment but not control group showed a significant association of connectivity reduction and
clinical improvement of anxiety. After six months, when the control group had received delayed
intervention, the association was significant in both groups. (C) The cortical networks associated with the
right anteromedial an left anterolateral hippocampus showing differential connectivity between treatment
and control group. Abbreviations: PoG, postcentral gyrus; pMCC, posterior midcingulate cortex; CO, central
opercular cortex; Ins, insula; SMG, supramarginal gyrus; TPO, temporal pole, NCd, caudate nucleus; Tha,
thalamus; OLi, lateral occipital cortex, inferior division; OF, occipital fusiform gyrus; CALC, intracalcarine
cortex.
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Changes in connectivity and clinical outcomes

The network associated with the rAL hippocampus comprised bilateral primary somatosensory
cortex, right secondary somatosensory cortex extending to supramarginal gyrus, right fronto-
insular cortex and temporal pole, as well as posterior midcingulate cortex (Figure 4A). Changes in
averaged connectivity values of these regions were predicted by clinical changes in trait anxiety
but not maximum pain as shown by multivariable regression. After three months, the prediction of a
decrease in rAL connectivity by clinical reduction of anxiety was significant in the treatment group (t
= 2.058, p = 0.049), but not in the control group (t = 0.793, p = 0.436). After six months, when
controls had received delayed intervention, both, treatment and control group showed this
association (t =2.613, p = 0.020, and t= 3.173, p = 0.007, resp.) (Figure 4B).

Discussion

We have studied a combination of psychotherapy and somatic stimulation for endometriosis-
associated pain using functional brain imaging. This novel combination produces remarkable
reductions in pain, anxiety and depressive symptoms up to complete symptom relief in patients
with endometriosis (16-17). As a long-term follow-up has shown, the effects are stable and have
large effect sizes (16). Our analysis aimed at elucidating underlying mechanisms and was centered
around the hippocampus as a probable target for this kind of therapy. We used a novel method to
identify functionally independent hippocampal subregions as well as their whole-brain connectivity,
and found connectivity changes that differed between treatment and control group at the end of the
randomization phase. Three distinct hippocampal subregions showed therapy-related changes,
namely the left and right anterolateral and the right anteromedial regions. As hypothesized, all
were located in the anterior part of the hippocampus. This was expected because of the central
role that emotions and painful memories play in our therapeutic approach (16). In particular,
patients are encouraged to express their emotional reactions triggered by memories that surface
during the therapeutic sessions. The important contribution of the anterior hippocampus to the
processing of emotions and affective memories is well established (18-19). Furthermore, a recent
review has emphasized revisiting of autobiographical memories as one of its core functions (22).
Finally, the anterior hippocampus plays a central role in anxiety (23-24, 46), a personality trait with
great significance for pelvic pain (7-10) and chronic pain in general (47-51).

We found evidence that a distinct anterior hippocampal region, the right anterolateral
hippocampus, mediates therapy-associated reductions in anxiety. This is in good agreement with a
recent study by Shackman and colleagues that identified the right anterolateral hippocampus as

the neural substrate of anxiety mediating activity of the hypothalamic-pituitary-adrenal (HPA) axis



(24). A central role of the hippocampus in mediating HPA axis activity is well established in animals
(52) and we have recently demonstrated functional connectivity between the anterior hippocampus
and hypothalamic regions, including the periventricular nucleus (PVN) in humans (27).
Hypocortisolism, a biomarker of HPA axis dysfunction, is an important factor in the pathophysiology
of stress-related bodily disorders (53) and has been reported in patients with endometriosis and
pelvic pain by several studies (54-56). Furthermore, the authors of these studies have linked the
dysfunctional HPA axis with pain and anxiety (55) as well as with previous traumatic experiences
(56). There is an emerging view in the recent literature that trauma is common among patients with
endometriosis-associated pain and may play a central role in the pathogenesis of chronic pelvic
pain (7-10).

In our study, the anterolateral hippocampus showed strong connectivity with septal nuclei at
baseline (Fig. $2), which underscores the involvement of the anterolateral hippocampus in the so-
called septo-hippocampal system, as proposed by Gray and McNaughton (57). This
neurobiological system is believed to respond to situations of conflict or uncertainty by evoking
responses aimed at conflict resolution, which may involve upregulation of arousal, inhibition of
behavioral programs, and modulation of salience and attention to stimuli. Anxiety in this context is
a response to potential danger that has evolved in order to prevent the organism from going into
potentially dangerous situations (57-58). We found a cortical network whose connectivity with the
anterolateral hippocampus was reduced, when patients experienced reduction of their anxiety
symptoms. It comprised large parts of the primary and secondary somatosensory cortex, as well as
the right anterior and mid insula and adjacent opercular areas. The involvement of somatosensory
regions gives a first hint, why a combination of psychotherapy and somatosensory stimulation may
be useful (16-17), although this was not directly assessed by our study. As Bannerman points out,
sensory stimuli may act as occasion-setting cues in the hippocampus to enable selection of the
correct body reaction when there is competition between concurrently available response choices
(58). We believe that the therapeutic approach studied here exploits the interrelation of bodily
sensations and traumatic or painful memories, and applies somatosensory stimulation to modify
these somatic markers and resolve the associated emotional conflicts (16-17). The stimulation may
help access deeper physiological programs in the septo-hippocampal system with its connection to
the hypothalamus and brainstem. Functional imaging studies have shown that acupuncture can
alter activity in the hippocampus (59-60), amygdala (59-61), hypothalamus (60-61) and brainstem
(60-62). Thus, it is conceivable that concomitant somatic stimulation may reduce arousal during

traumatic memory retrieval and help disconnect the memory from the bodily reaction.



We did not find direct evidence to explain the most striking therapeutic effect, i.e. pain reduction
(16). Connectivity of the somatosensory network with the anterolateral hippocampus was
associated with maximum pain at baseline, but clinical improvements did not predict connectivity
changes as in the case for anxiety. This may be related to our choice of region of interest.
Focusing the analysis on other areas, like the insula, or the thalamus may help to gain a better
understanding of this therapeutic effect. However, there are several ways how improvements in
anxiety and pain may be related. Tang and colleagues found that trait anxiety similar to state
anxiety augments pain sensitivity (47), potentially by directing one’s attention towards pain (63).
Ploghaus and colleagues have shown that this exacerbation of pain by anxiety is mediated by a
hippocampal network involving somatosensory areas (49). As Davis points out, patients with
chronic pain may be in a “stuck” state of self-referential thought or focus on their pain (64). Finally,
there is recent evidence of a critical role of hippocampal connectivity in the transition from acute to
chronic pain (25).

Some limitations of the current study should be noted. Most women with endometriosis-associated
pain have multifactorial causes of pelvic pain (musculoskeletal, bladder, central nervous system),
and we did not explore those in detail. Furthermore, we compared the intervention to a waiting-list
control group. The major limitation of such a design is that the observed improvements cannot be
clearly attributed to specific treatment components. Waiting list control groups, however, control for
important confounders such as regression to the mean, spontaneous improvement, and
unidentified co-interventions (65). Furthermore, the lack of a matched control group with
comparable chronic pain symptoms limits the inferences that can be made about the relevance to
endometriosis. Finally, we used a step-wise multivariable regression to identify clinical parameters
whose changes predicted changes in functional connectivity. Such analysis must be considered
exploratory, as it does not fully control for multiple comparisons.

In conclusion, this study has identified a putative mechanism underlying the clinically potent
combination of psychotherapy and acupuncture point stimulation in treating endometriosis-
associated pain. The mechanism involves alterations in a cortical network of the right anterolateral
hippocampus and somatosensory / interoceptive brain regions. Connectivity of this network reflects

patients’ anxiety and may be linked to activity of the HPA axis.
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