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UNDERSTANDING PAIN IN PERSONS WITH ENDOMETRIOSIS,

EVALUATING THE ROLE OF THE HYPOTHALAMUS AND BRAINSTEM

JENNY JOHN
ABSTRACT

Endometriosis is a chronic gynecological disorder associated with severe pain and
impacts the quality of life for over 190 million girls and women of reproductive age
(Zondervan et al., 2020). Prolonged pain exposure is associated with altered central
processing of pain signals which is believed to largely implicate brain stem structures. To
date, limitations in terms of technologies have prevented accurate segmentation of brain
stem structures to evaluate clinical conditions. In the proposed investigation, we use a
novel method of brain stem and hypothalamic segmentation to understand the impact of
endometriosis and the relevancy of findings toward pain behaviors. This cross-sectional
study applied structural neuroimaging and pain measures scales to understand
endometriosis associated in a cohort with surgically confirmed endometriosis (n=43) and
a cohort of healthy controls (n=25). Participants with endometriosis had significantly
higher anxiety, depression, pain interference, and pain catastrophizing than healthy
controls. Group differences were observed in several brain stem structures wherein the
endometriosis cohort showed higher levels of brain stem volumes than healthy controls.
Correlation analysis highlighted brain-behavioral relationships including the pain

catastrophizing scale. Together, findings from this investigation provide insight into the
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centralized impact of endometriosis and highlight relevant targets for immunological and

neurological treatment options.
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INTRODUCTION

Background

Endometriosis is a chronic disease in which abnormal tissue growing outside the
lining of the uterus causes severe pain to girls and women of reproductive age, and in
some cases prior to the onset of menarche (Reese et al., 1996). During each menstruation
cycle, the lining of the uterus, also known as the endometrium, sheds its superficial layer
as a menstrual period (Maybin & Critchley, 2015). However, in cases of endometriosis,
instead of shedding, a buildup of abnormal tissue and inflammation can lead to scarring,
in the form of adhesions, fibrosis, or painful cysts in the pelvic region or abdominal
cavity (Abd El-Kader et al., 2019). Endometriosis is the leading cause of infertility and is
associated with life impacting symptoms, including chronic pelvic pain during menses,
urination, bowel movements, sexual intercourse, as well as fatigue, depression, and
anxiety (Verkauf, 1987; Saunders, 2021).

Endometriosis affects roughly 10-15% of women of reproductive age in the
United States (Mehedintu et al., 2014). However, patients receive diagnostic delays of
around seven to nine years and sixty percent of women affected by endometriosis are
undiagnosed (Ghai et al., 2020; Morassutto et al., 2016). The current gold standard in
diagnosis for endometriosis is laparoscopy (Hsu, 2010). This procedure takes a looks
inside the pelvic cavity to check for signs of endometrial lesions. However, it can be
painful, expensive, time consuming, and poorly accessed in lower socioeconomic
demographics. Transvaginal gynecological ultrasounds and Magnetic Resonance Imaging

(MRI) scans are also used as diagnostic tools, but there are limitations as it may lack



adequate resolution to identify lesions (Hsu, 2010). All these factors can result in a delay
in diagnosis, as well as, imprecise symptoms, deficiency in provider awareness of the
condition, and need for noninvasive diagnostic tools. This makes it difficult to manage
treatment and places a financial burden on both patients and the health care system.
Endometriosis is a debilitating condition which decreases the quality of life for
individuals who experience chronic pain, making it difficult to go back to school or work
(Nnoaham et al., 2011). The economic burden of endometriosis due to loss of work,
decreased productivity, and disability is $4.7 billion in 2022 (Simoens et al., 2007). The
annual healthcare costs in the United States associated with endometriosis is estimated to
be from $78 billion each year due to the costs of surgeries, hospitalization, MRI scans,
physician visits, and medication (Soliman et al., 2016). The number of endometriosis-
related hospital visits in Australia increased up to 43% this past year, resulting in 40,500
hospitalizations in 2022 (Australian Institute of Health and Welfare, 2023). In the United
States, the Nationwide Emergency Department Sample reported that there were 12,351
hospital visits related to endometriosis among patients ages 21 to 50 (Manuel et al.,
2019). The prevalence of the condition, the economic burden, and impact on quality of
life confirms that endometriosis is an under-researched and under-diagnosed condition.
Since there is currently no cure, the primary concern for individuals with
endometriosis experiencing chronic pain is seeking pain management or minimization of
symptoms. Current treatment methods include laparoscopic surgery, nerve injections,
psychotherapy, hormone therapy, and NSAID medications (Al Kadri et al., 2009; Brown

etal., 2017; Somigliana et al., 2009; Khodaverdi et al., 2021; Donatti et al., 2022).



However, many of these procedures have adverse reactions, and the endometriosis
symptoms can re-occur. Even removal of the endometrioma may not cure the pain, due to
a phenomenon known as central sensitization.
Classification of Pain

Pain is one of the most recurring reasons as to why individuals seek medical
attention (Schappert et al., 2001-2002), also due to its relation to a variety of other
conditions. Classification systems are implemented to aid with diagnosis, exercise
precision medicine, and tailor treatments based on the needs and characteristics of the
patient. The International Association for the Study of Pain has three main classifications
for pain: nociceptive, neuropathic, and nociplastic pain. Clinical studies have shown that
individuals with chronic pain can experience one and/or the other, a term referred to as

“mixed pain” (Coxon et al., 2021; Freynhagen et al., 2019).

Nociceptive Pain

Pain is defined as an uncomfortable sensory and psychological occurrence, as a
result of real or possible damage to tissues whereas, nociception is the neural action
involved in the encoding of harmful stimuli. Nociceptive pain is derived from real or
threatened noxious (harmful) stimuli to non-neural tissue. By changing the sensory
response, it alters one’s perception of pain by producing pain hypersensitivity, also
referred as hyperalgesia, to non-inflamed tissues (Latremoliere & Woolf, 2009). The
somatosensory nervous system, including the pain signaling pathways, has normal
activity in nociceptive pain. When a noxious stimulus is encoded by a nociceptor, high

blood pressure or a motor withdrawal reflex could occur. The nociceptive flexion reflex



involves neural pathways acting on a stimulus before it has arrived at the brain, activating
a proper withdrawal response by contracting the muscle that results in reflex muscle

movement.

Neuropathic Pain

Neuropathic pain is defined by the International Association for the Study of Pain
(1ASP) as pain that results from different lesions, revealed during a diagnostic test, or
diseases of the somatosensory nervous system. Central sensitization contributes to
neuropathic pain and causes the nervous system to mistake innocuous (harmless) stimuli
as noxious. The onset of neuropathic pain is influenced by several factors, including
metabolic disorders, (e.g. diabetic neuropathy), viruses (e.g. postherpetic neuralgia),
leprosy, spinal cord injury, autoimmune disorders (e.g. multiple sclerosis), and stroke
(Colloca et al., 2017). Peripheral neuropathy can make modifications to the electrical
properties of sensory nerves, which can result in alterations in inhibitory signaling,
impairing the descending control pathway (Colloca et al., 2017). The cause of peripheral
disorders that lead to neuropathic pain is associated with certain nerve fibers. For
instance, in endometriosis, endometrial implants cause an inflammatory reaction which
may stimulate nerves and cause severe pain. This sensation of pain is contributed by
myelinated A delta, unmyelinated sensory C, cholinergic, and adrenergic fibers, activated
by a noxious stimulus (Tokushige et al., 2007). These nerve fibers were found in higher
quantity in women affected by endometriosis in the functional and basal layers of the

endometrium (Medina & Lebovic, 2009).



Nociplastic Pain

Nociplastic pain is defined as persistent pain that is caused by altered nociception,
regardless of the presence of damaged tissue, causing the peripheral nociceptors to
become activated. It can also be demonstrated as a lesion or disease impairing the
somatosensory system. Such alteration of neural processing pathways can lead to central
sensitization. Central sensitization is in which the nervous system undergoes alterations,
which can amplify pain sensitivity and affect the way the nervous system processes
sensory input (Harte et al., 2018). Nociplastic pain can appear in many chronic pain
disorders, including headache, fibromyalgia, lower back pain, and chronic pelvic pain
(Raja et al., 2020).

Acute and Chronic Pain

Pain can further be divided on the basis of intensity, characteristics, and duration:
acute and chronic pain. Acute pain, caused by an illness or injury, acts as a protective
response to noxious stimuli. It occurs suddenly, and last no more than three months.
Under normal conditions, acute pain typically passes as the noxious stimuli weakens and
the underlying condition has been treated or recovered. However, when the pain becomes
persistent and intense, it can progress to chronic pain. This occurrence is also caused by
the alteration of receptors, ion channels, and functional connections involved in the
normal pain response (Yang et al., 2019). Chronic pain can have overlapping phenotypes
among nociceptive, neuropathic, and nociplastic pain (Maixner et al., 2016; Fitzcharles et
al., 2021). It is associated with neuroplasticity which reinforces pain pathways, even in

the absence of injury or illness, resulting in hyperalgesia, consistent heightened levels of



pain. This consistent state of reactivity can also impact an individual’s cognition, and

result in poor memory, anxiety, difficulty in concentration (Yunus, 2007).

Neuroimaging

Several brain imaging studies have demonstrated that the hypothalamus and brain
stem are active during chronic pain (Denuelle et al., 2007; Weiller et al., 1995). However,
the use of neuroimaging to recognize patterns in structural abnormalities in the brain of
individuals with endometriosis has not been well studied. This can be due to a shortage of
automated segmentation tools (Billot et al., 2020). While manual segmentation is the
most accurate technique for studying the brain, it is arduous, as it requires two to three
hours to complete a scan (Billot et al., 2020). Manual segmentation runs into issues with
scalability, as it scans at most with 1mm resolution, and has difficulties with delineation
which affects its ability to be reproducible, increasing its liability to intra and inter-rater
variability (Billot et al., 2020). Magnetic resonance imaging (MRI) is the best procedure
in which to examine the brain due to its superior soft tissue contrast (Billot et al., 2020).
MRI can also provide pre-operative brain mapping by delineating the extent of the
disease, which can expand the scope of resection, decreasing time in surgery, and

potentially reducing the size of a craniotomy (Petrella et al., 2006).

MRI
An MRI is a non-invasive imaging technology that uses a large magnet and radio
waves generated by a computer to create high resolution images of the internal structures

and organs of the body. In a closed-bore MRI, the magnet surrounds the individual, while



in an open MRI, the magnets are positioned at the top and bottom, allowing the sides to
be open. Open MRIs are more comfortable for individuals who are claustrophobic,
however closed MRIs are more accurate in diagnosing medical conditions due to higher
imaging quality (Matsui et al., 2019). Cross sectional images are produced using the
magnetic field found in the MRI and the hydrogen atoms found in an individual’s body,
which align to create a magnetic vector, directed towards the axis of the MRI scanner
(Berger, 2002). The difference in the amount of hydrogen atoms reflects on the amount of
water in tissues, influencing the MRI signal and tissue contrast, and may also account for
changes in structural brain volumes across different neuropsychiatric conditions (Bansal
et al., 2013). Slice selection, phase encoding, and frequency encoding are used to locate
where the protons are positioned in the patient, in order to generate an image. In an MRI,
the image matrix is composed of pixels, and the number of pixels necessary to create an
image is dependent by the number of frequency encodings and phase encoding steps for a
particular field of view (FoV). The size of the pixels also affects the resolution, as smaller
pixel size leads to a higher resolution (Van Geuns et al., 1999). The frequency of the
wobbling or precession around the direction of magnetic field can be given by the Larmor
equation, F =yBo/2x, in which F is the frequency of precession, Bo is the strength of the
magnetic field, and vy is the gyromagnetic ratio of the nucleus (Van Geuns et al., 1999).
Radio frequency coils serve to excite proton spins in the body and to receive signal
reception generated by tissue in the MRI (Gruber et al., 2018). The amount of time it
takes for a signal to return to its external magnetic field is known as longitudinal

relaxation time, T1 (Van Geuns et al., 1999). MRIs are the most frequently used imaging



test for diagnosis or monitoring of treatment as ionizing radiation is not utilized, unlike
X-rays (Van Geuns et al., 1999). The MRI strength can vary from lessthan 1t0 3 T
(Grover et al., 2015). Advantages to higher field strengths include improved signal to
noise ratio (SNR), resulting in shorter imaging times and enhanced spectral, spatial, and

temporal resolution (Di Costanzo et al., 2003).

Prior Research Findings using MRI

Previous neuroimaging studies have examined structural and functional changes
in brain regions related with pain perception and modulation in individuals with
endometriosis. A study using voxel-based morphometry to investigate structural
alterations in individuals with chronic pelvic pain (CPP) showed that individuals with
CPP and endometriosis (symptomatic) appeared to have decreased gray matter volume in
the right posterior insula, right putamen, left thalamus, and left cingulate gyrus (As-Sanie
et al., 2012). Asymptomatic individuals (without CPP) with endometriosis showed
increases in the PAG volume; this could clarify why some individuals with endometriosis
experience hardly any pain, even with significant morbidity (As-Sanie et al., 2012;
Brawn et al., 2014). Individuals with endometriosis displayed increased resting state
functional connectivity between the anterior insula and medial prefrontal cortex, which
was correlated with increasing pain intensity, depression, and anxiety symptoms (As-
Sanie et al., 2016). Furthermore, participants with endometriosis associated pain
demonstrated significant decreased functional connectivity between the right anterior
insula and the right cerebellum, which was positively correlated with pain intensity

(Szabo et al., 2022). Decreased functional connectivity between the right anterior insula



and the left middle frontal gyrus was also observed in women with endometriosis

associated pain compared to healthy volunteers (Szabo et al., 2022).

Cortical and Subcortical Structural Alterations

Previous research has shown that nociplastic alterations in the prefrontal and
subcortical areas of the brain have resulted in the persistence of nociceptive signals, due
to these regions being active above average, leading to the chronification of pain
(Thompson, 2019). The prefrontal cortex, anterior cingulate cortex, and amygdala are
functionally connected in the processing of pain (Stevens et al., 2011). The prefrontal
cortex plays a critical role in executive functioning, regulating emotions, and pain
modulation (Ong et al., 2019). The persistence of nociceptive signals allows for aversive
learning, which is regulated by the prefrontal cortex (Kummer et al., 2020). During
chronic pain, the prefrontal cortex experiences alterations in neurotransmitters and
inflammation, resulting in alterations in functional connectivity and structural changes
(Ong et al., 2019). Grey matter volume has been shown to decrease in the medial
prefrontal cortex, affecting cognitive and emotional functioning (Gustin et al., 2014).
The anterior cingulate cortex, connected to the PFC, is activated by noxious stimuli in
pain processing. Activation of the prefrontal cortex and the ACC is correlated with
increased activity of the periaqueductal gray (PAG) (Peyron, 2014).

Ascending nociceptive input reaches the medial prefrontal cortex and its cortical
projections extend into the ACC and input on PAG activity, which is involved in the
descending inhibitory pain pathway (An et al., 1998; Kummer et al., 2020). Chronic pain

brings about an increased input upon medial prefrontal cortex GABAergic interneurons
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causing the descending pain modulation to weaken, exacerbating the painful state
(Kummer et al., 2020). The medial prefrontal cortex transmits excitatory projections to
the amygdala. Prior research has shown that patients with chronic pain were seen to have
abnormal amygdala functional connectivity, correlating with an increase in pain intensity

and pain catastrophizing (Jiang et al., 2016).

Hypothalamus and Brainstem

The central extended amygdala has major connections with the lateral
hypothalamus and the brain stem, specifically the dorsolateral pons and medulla (Alheid,
2009). This thesis study investigated changes in structural segments of the brainstem and
hypothalamus brain regions. The hypothalamic regions that were examined were the
anterior-inferior, anterior-superior, posterior, inferior tubular, superior tubular, whole left,
and whole right region. The hypothalamus contains several nuclei that control
neuroendocrine function. The paraventricular nucleus, ventromedial nucleus, supraoptic
nuclei, dorsomedial nuclei, as well as the lateral hypothalamus are involved in
nociceptive processing and transmission of descending projections (Bernard, 2007). The
paraventricular nucleus (PVN) is involved in the inhibition of spinal nociception
(Condés-Lara et al., 2015). The PVN and the supraoptic nucleus (SON) synthesizes
oxytocin, which contains analgesic properties, and may project to the spinal cord and
cortical regions (Li et al., 2021). The ventromedial and dorsomedial nucleus projects
extensively to the PAG and receive nociceptive input from the parabrachial region
(Bernard, 2007). The lateral hypothalamus has been shown to be involved in the

regulating neuronal activity in the periaqueductal gray region (Behbehani et al., 1988). It
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is also the major site for orexin expressing neurons, whose receptors are distributed
through the pain circuitry including the PAG, involved in pain modulation (Peyron et al.,
1998; Marcus et al., 2001). In several studies, the role of the orexinergic system has
shown to produce antinociceptive effects on pain, specifically by OX1 receptors (Jeong et
al., 2009). Corticotropin is a neurohormone that is released in response to stressful
conditions, such as painful conditions. However, chronic pain can result in cortical
dysfunction, resulting in extensive inflammation, pain, and psychological stress,
increasing anxiety and depression (Heim et al., 2000). These comorbid mood disorders
and intensity of symptoms are caused by modifications in the functioning of the
hypothalamic pituitary adrenal axis (HPA), regulated by corticotropin-releasing factor
(CRF) receptors (Heim et al., 1998).

The brainstem is a prominent region for pain processing, nociception, and
production of analgesic and hyperalgesic responses, one of the factors being, due to its
involvement in descending pain control. The results of the investigations presented in this
thesis examined four different brainstem structures: medulla oblongata, pons, midbrain,
and superior cerebellar peduncle (SCP). Several brainstem nuclei play a prominent role in
pain processing, including the periaqueductal gray (PAG) and nucleus cuneiformis in the
midbrain, raphe nuclei, parabrachial nucleus, and locus coeruleus in the pons, and the
rostral ventromedial medulla (RVM), ventrolateral medulla (VLM), and dorsal reticular
nucleus in the medulla oblongata (Napadow et al., 2019). The involvement of the SCP
has been demonstrated in individuals with migraine; those with lower heat pain

thresholds were shown have a smaller medulla and cerebellar peduncles, which indicates
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hypersensitivity to pain (Chong et al., 2016). In addition, patients with a cerebellar
infarction appeared to have reduced activation of endogenous pain inhibitory mechanisms
and increased pain perception (Ruscheweyh et al., 2014).

Stress has been known to exacerbate symptoms of chronic pain. To compensate,
the brainstem pain modulating circulatory will create an analgesic response as a way to
suppress the pain. However, stress can also induce hyperalgesia (i.e., heightened
sensitivity to pain). Pain signals can prompt the descending control pathway, to modulate
the pain intensity through neuronal inhibition. The PAG, dorsal reticular nucleus, and the
parabrachial region will process the nociceptive information and relay it to the RVM,
which will extend those signals to the spinal dorsal horn, which will activate the
endogenous analgesia system to suppress the pain (Gauriau et al., 2002; Leite-Almeida et
al., 2006). When noradrenergic neurons in the locus coeruleus are activated by
gabapentin to release noradrenaline, it can result in analgesic effects (Pertovaara, 2006).
However, the locus coeruleus has also been shown to induce hyperalgesia and anxiety
related disorders through the activation of the LC-RVM circuit in mice with visceral
inflammation (Kong et al., 2023).

Alterations in the neurons of in the rostral ventromedial medulla is known to be a
factor in pain persistence. Stimulation of the VLM and RVM has been found to produce
analgesic effects, inhibiting the nociceptive action of dorsal horn neurons (Fong et al.,
1986; Gebhart, 2004). The nucleus cuneiformis is found ventrolateral to the PAG, and
interacts with the RVM, involved in pain modulation (Haghparast et al., 2007). The

nucleus cuneiformis and the raphe nuclei also contains a vast number of GABAA
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receptors (Nagai et al.,1985), which when stimulated induces antinociception effects, and
can alleviate chronic pain (Mahmoudi & Zarrindast, 2002). Research has also shown that
removing or altering the y2 subunit of GABAA receptors resulted in depressive-like
behaviors (Smith & Rudolph, 2012). The a5-subunit, containing GABAA receptors,
regulate tonic inhibition and are shown to be involved in the preservation of long-lasting

secondary hypersensitivity (Bravo-Hernandez et al., 2016).

Self-Report Metrics

Since pain is subjective for each individual, the most valid and relevant
measurement to understand pain is through self-report metrics (Katz & Melzack, 1999).
Laboratory and imaging findings may only partially address a patient’s health outcome.
Patient self-reports provide a comprehensive approach to administering quality care
through the utilization of assessment tools to collect information regarding their health, as
well as measure the effectiveness of a treatment. Patients may only report and remember
their most recent or worst experience of pain, also known as “peak-end phenomenon”
(Stone et al., 2000). Fluctuations in chronic pain can go unreported during medical
appointments, and a more holistic assessment should be conducted to understand the
underlying cause and improve patient health outcomes. An inadequate pain assessment
could cause health care providers to overestimate or underestimate a patient’s pain
condition, affecting the course of treatment received (Leigheb et al., 2017). Since
individuals’ verbal and behavioral responses to express pain may vary, offering a diverse

set of assessment tools is important to provide an inclusive method to evaluate pain
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(Hadjistavropoulos & Craig, 2002). Several self-report methods used for pain

measurement include Likert scales, facial distress scales, and verbal scales.

Likert Scales

Likert scales is a rating scale used to measure subjects’ level of agreement,
opinions, feelings, behaviors, or attitudes, and can be used to assess pain-related
measures (Sullivan et al., 2013). Providing an accessible, easy to fill out, and
comprehensive assessment has shown to increase general subject response, and due to
these characteristics, Likert scales have been more favorable than visual analogue scale
(Guyatt et al., 1987). The construct of this scale comprises a statement or question being
asked, and a 5- or 7-point ordinal scale is typically provided for subjects to respond
(Sullivan et al., 2013). The more options presented do signify more detailed responses,
however, a study conducted by Borgers and colleagues have shown that in Likert scales
there was an increase in stability of responses up to six options, while more than seven
indicated to reduce scale reliability and increase the number of non-responses (Borgers et
al., 2004). Likert scales are more susceptible to response bias, subjects may choose the
more socially desirable option, central tendency bias, participants may choose most of
their answers in the middle of the rating scale, and acquiescence bias, participants may
have a strong stand toward one view, which can all possibly affect the validity of the
assessment (Westland, 2022). Certain options may also be interpreted differently, for
instance, participants may have difficulty choosing between “likely” and “somewhat

likely”. In the current study, Patient Reported Outcomes Measurement Information
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System (PROMIS) and Pain Catastrophizing Scale (PCS) items were scored on Likert

scales.

Facial Distress Scales

Facial scales use a visual representation to measure pain intensity in the context of
facial expressions, allowing individuals to choose a face that best portrays their pain
experience. It is especially helpful in pediatric populations, where children may struggle
to articulate their pain due to limited expressive language. Health care providers may also
experience more ease discussing pain with patients, as minimum cognitive demands are
necessary for this scale. Faces Pain Scale and Wong-Baker pain scales are examples of
facial distress scales that implement numbers with faces to better assist individuals with
understanding the level of pain they may be undergoing (Bieri et al., 1990; Khin et al.,
2014). One limitation in facial distress scales may be addressing fluctuations in pain,
improvements or declines, especially when values may be in increments of two, but they

may only experience a one-point difference (Adeboye et al., 2021).

Verbal Scales
Verbal pain rating scales are comprised of a series of verbal descriptions placed in
order from least to most intense pain level, and individuals will select the word that best
fits their pain intensity. Options may range from “no pain at all” to “worst pain possible”
and consist of a series of numbers attached to the pain experience (Katz & Melzack,
1999). Verbal pain scales demonstrated a higher response rate for individuals who are
cognitively impaired, compared to numeric rating and visual analogue scales (Closs et al.,

2004). Post-Anesthesia Care Unit (PACU) patients showed an increased response rate to
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verbal rating scales compared to numeric rating scales, which could be attributed to their
level of consciousness following surgery (Lee et al., 2021). However, verbal scales
should not be the sole assessment tool as it depends on an individual’s ability to interpret
the words, and it may be more difficult for those with limited vocabulary (Briggs &
Closs, 1999).
Study Rationalization

Endometriosis is a highly prevalent condition, and due to its impact on quality of
life and economic hardship, it places a burden on both patients and the health care
system. Limitations in technologies have prevented accurate segmentation of brainstem
and hypothalamus structures to assess clinical conditions. Magnetic Resonance Imaging
(MRI) has long been used as a neuroimaging technique in identifying alterations in brain
regions. It will be useful in understanding the structural regions associated with pain in
individuals with endometriosis, and other conditions related to chronic pain. Pain
measure scales such as PROMIS, used to measure anxiety, depression, and pain
interference, and PCS will be used to assess cognitions around pain. It is hypothesized
that there would be significant differences in the volumes of the brainstem and
hypothalamus of individuals with endometriosis compared to healthy volunteers, and
these differences observed in neuroimaging findings would be correlated with pain
reporting. Additionally, findings from this study can provide insight into the impact of
endometriosis and highlight relevant targets for immunological and neurological

treatment options.
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Aims and Objectives

The first aim of this thesis study is using psychological testing to investigate
group differences in pain reporting in endometriosis and healthy cohorts. The second aim
is to use MRI to investigate volumetric differences in structural segments of the
brainstem and hypothalamus regions. The final aim of this study is to use correlation
analysis to understand how pain reporting correlates with brainstem and hypothalamus

volumes.
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METHODS
This thesis study obtained its study design and patient selection from grant-
funded, Boston Children’s Hospital Institutional Review Board (IRB) approved research
led by Dr. Christine Sieberg and Dr. Scott Holmes.
Study Design Overview
The study focused on a sample of 68 adolescents and women, ages 12 to 44 who
had surgically confirmed endometriosis. The proposed age range was chosen to include
individuals from the onset of menarche to the onset of menopause. This study aims to
produce generalizable results reflective of adults and women in the United States who
have endometriosis. They were recruited from Boston Children’s Hospital (BCH),
Brigham and Women’s Hospital (BWH), and from the general public in the Boston area.
A series of assessments, including the Pain Catastrophizing Scale (PCS) and Pain
Reported Outcomes Measurement Information System (PROMIS), which measured
anxiety, depression, and pain interference, were used to evaluate cognitions associated
with pain. The endometriosis cohort consisted of women who reported a visual analogue
pain score of over 3 out of 10 during the time of enrollment. After the completion of
questionnaires, participants who were eligible went to Boston Children’s Hospital to
undergo magnetic resonance imaging (MRI). They were requested to lie still on a flat
surface in the scanner for up to an hour per scan, to capture brain measurements, in order
to detect structural alterations. The regions of interest investigated using neuroimaging

were the hypothalamus and brainstem.
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Patient Selection & Inclusion/Exclusion Criteria

Before approaching participants, doctors involved in the study provided a list of
potentially eligible participants, who were then contacted to inquire about their interest in
taking part in the study. Patients from the Department of Adolescent Medicine at Boston
Children’s Hospital and Department of Gynecology at Brigham and Women’s Hospital
were presented with the opportunity to take part in the study during their clinical visit, as
well as members from the community. Participants were made aware that the study
would take approximately two to three hours. The healthy cohort consisted of individuals
who were without pain and have not been diagnosed with endometriosis. The
endometriosis cohort included individuals who were interested in the research study and
had surgical confirmation of endometriosis. The research study strived to have a diverse
cohort to heighten generalizability that reflected the population in the Boston area. As
stated in the most recent American Community Survey (ACS), minorities make up
around 51% of the Boston population. Therefore, members involved in the research study
ensured that all participants that meet the eligibility criteria were included in this study.

Before participants were recruited, the IRB approved the protocol used in research
to enroll human subjects to the study. The following outlined are the inclusion and

exclusion criteria for the cross-sectional study cohort.

Inclusion criteria
i.  Ability to speak sufficient English to complete surveys and questionnaires.

ii.  Patients 12-44 years old with surgically confirmed endometriosis.
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Individuals 12-44 years old who will represent the healthy cohort from the general

community and will complete a health screening form.

Exclusion criteria
Inability to speak sufficient English to complete surveys and questionnaires.
History of severe cognitive impairment (e.g., intellectual disability, severe head
injury, other neurological disorders).
Medical history of asthma, schizophrenia, psychosis, bipolar disorder, personality
disorder, and other significant disorders.
Patients with co-morbid medical and/or pain conditions, which could potentially
confound the data (e.g., cancer, sickle-cell disease, juvenile idiopathic arthritis).
Individuals who currently use opioid analgesics.
Metallic implants (due to safety concerns, as well as distortion of images in MRI)
Pregnant (confirmed with negative urine pregnancy test during the study visit)
Claustrophobic
Weight >350 Ibs (due to limitation of the MRI table)
History of hysterectomy or oophorectomy (unless having been done prior to the
start of the study) and menopause were excluded to minimize hormonal changes.

Individuals who have reached menopause.

The participants in the endometriosis and healthy cohort were chosen in accordance

with the inclusion/exclusion criteria of the study to account for confounding variables and

provide reliable, reproducible results. The thesis study consisted of 25 participants in the
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healthy cohort and 43 participants in the endometriosis cohort. There were three pediatric
participants, under eighteen years of age. Two participants identified as non-binary or
gender fluid.

Recruitment Methods

Participants in the healthy controls cohort were recruited through flyers, which
were displayed around Boston Children’s Hospital, the Longwood Medical Area, and the
surrounding Boston community. Several doctors collaborating with the study recruited
patients with endometriosis from clinical visits. Consent and assent forms were reviewed
by members of the research team. Consent forms were provided to participants of legal
age and parents with patients under the age of 18, and assent forms were completed by
adolescents and young adults.

At the start of the visit, a urine drug test was given to participants to confirm the
absence of drugs, including barbiturates, benzodiazepines, amphetamine, barbiturates
cocaine, phencyclidine, and opioids. If participants tested positive, they were no longer
eligible to continue with the study. Participants who were eligible underwent MRI, which
took approximately one hour to complete, and the entire study took approximately 2-3
hours. Participants received reimbursements through Clincards for their time and
involvement in the study. They received up to $200 after completing their scan and series
of questionnaires. If they partially completed the study, they were given $100 for
completion of 1-1.5 hours of the study visit, $50 for completion of less than an hour, and
no compensation for completing the consent form but not participating in study tasks.

Transportation costs were reimbursed up to $50. Participants received $5 for every
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referral that completed the study. Data collected for the purpose of this thesis study only
included participants who completed the full study visit.
Data collection

For participants to be involved in the study, they needed to agree to the informed
consent, and individuals under 18 had to complete the assent form. This document
disclosed the purpose of the study, procedures (MRI/questionnaires), retrieval of medical
records, a confidentiality agreement, potential risks and benefits, and their rights as
participants in the study. After completing consent and assent forms, participants were
asked to fill out several self-report questionnaires that asked for their demographic
information, endometriosis diagnosis, existence or non-existence of pain, menstruation,
and psychiatric and neurological disorders. The psychological study data was collected
using electronic measures through REDCap, a secure data capture tool for research
studies. Participant chose to fill out the questionnaires through their own personal device
or by iPad, which was provided by the lab. They were sent a password protected link, in
compliance with Coordinated Response Protocol (CRP), by members of the study team,
verifying their authenticity and email address, and through that link were taken to a
secure site that stored their responses.

Description of Study Questionnaires

Participants were asked to fill out a series of questionnaires which took
approximately thirty minutes. This included PCS and PROMIS, which measured anxiety,
depression, and pain interference, and were used to evaluate cognitions associated with

pain. They were asked to rate their pain (current, worst, and average) in the past two
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weeks and during their menstrual cycle using a 10-point Likert scale (0 = no pain at all,
10 = worst pain imaginable). They also had to list their current medications prescribed for
chronic pain, which included their drug class, dosage, and detriment. A Health Screening

Form was administered to assess a participant’s overall health.

PROMIS

Patient Reported Outcomes Measurement Information System (PROMIS) was
funded by the National Institute of Health to gather reports of patients’ physical, mental,
and social health conditions, including their symptoms, effects of treatment, perceptions,
and emotions (Bevans et al., 2014); allowing clinicians to better understand their patients
and incorporate their perspective when tailoring a treatment plan. Previous patient-
reported outcomes had patients complete several, long questionnaires that were not
relevant to all patients (Calvert et al., 2019). PROMIS addresses these issues by applying
efficiency when measuring items relevant of physical function, pain interference,
depression, anxiety, fatigue, social health, and sleep disturbance (Amtmann et al, 2010;
Pilkonis et al., 2011; Buysse et al., 2010; Rose at al., 2014; Lai et al., 2011). Pain
interference, defined by PROMIS, is the measure in which pain impedes engagement
with physical, emotional, social, cognitive, and recreational activities (Amtmann et al.,
2010). In the current study, pain interference was measured using a 5-point scale which
asked participants to specify to what extent their pain had hindered their daily functioning
and quality of life. Standardized scores for Pain interference followed PROMIS
guidelines, indicating that a score below 55 was characterized as “mild” pain

interference, and a score between 70 and greater than 80 indicated “severe” pain
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interference for adults and greater than 65 indicated “severe” pain interference for
adolescents (Hassett et al., 2020; Mir¢ et al., 2023). The PROMIS Anxiety and
Depression measures assessed how frequently participants experienced symptoms of
anxiety and depression in the past 7 days, from 8 items listed on a 5-point scale (Pilkonis

et al., 2011; Pilkonis et al., 2014).

Standardized scores for Anxiety and Depression followed PROMIS guidelines,
indicating that a score below 55 was characterized as “mild” symptoms, and a score
between 70 and greater than 80 indicated “severe” symptoms for adults and greater than
65 indicated “severe” symptoms for adolescents (Hassett et al., 2020; Mir0 et al., 2023).
PROMIS measures are well suitable for research as they have been validated by several

studies (Van Balen et al., 2021; Pecorelli et al., 2023; McMullen et al., 2022).

PCS

Pain catastrophizing is defined as the propensity to overemphasize feelings
towards a painful situation, experiencing helpless, and heightened pain intensity, outside
of the norm. Pain Catastrophizing Scale (PCS) and PCS-C, for adolescents, has been
developed to evaluate the characteristics associated with catastrophizing: rumination,
magnification, and helplessness, which result from noxious stimuli (Sullivan et al., 1995).
PCS uses a 5-point scale to asks participants to reflect on previous painful occurrences
and to indicate to what extent they experienced those thoughts and feelings outlined by
the 13 items listed on the scale. For both adult and adolescent questionnaires, the total

scores ranged from 0 to 52, indicating the level of catastrophizing. Those scoring below
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15 indicated low catastrophizing, and those scoring above 24 indicated high
catastrophizing (Sullivan et al., 1995). Research conducted by Chen and colleagues found
that catastrophizing thoughts may possibly lead to the chronification of depression and
pain (Chen et al., 2022). Catastrophizing not only results in heightened intensity of pain
and emotional distress, but also increases the persistence of pain.
Data Analysis

Statistical analysis for PROMIS and PCS self-report pain measures and
volumetric differences were analyzed using the Statistical Package for the Social
Sciences (SPSS) Version 28.0.1.0. Descriptive statistics were used to observe the
distribution and variation in the way pain is presented among both cohorts. It provided a
statistical summary of the number of participants, mean, standard deviation, minimum
and maximum values. Group differences were analyzed using parametric tests, such as an
independent sample t-test to measure continuous variables. Parametric tests are used
when the sample means are normally distributed. To control for confounding variables,
the regional brain volumes were divided by the estimated total intracranial volume. The
confidence interval chosen for the analysis was 95%, a significance level of p<0.05.
Cohen’s effect size and behavioral correlations using Pearson Correlation will be used for
group comparison. PROMIS measures and PCS will be used as covariates and predictors
of interests in group level multivariable regression analysis, incorporating both imaging

and non-imaging data.
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MRI Acquisition

A 3T Siemens Prisma MRI scanner was used to visualize and produce images of
the subcortical regions of the hypothalamus and brainstem. A 32-channel head coil was
used to maximize spatial resolution signal-to-noise ratio (SNR). T1-weighted
Magnetization-prepared rapid acquisition with gradient echo (MPRAGE) was utilized as
it provides fine anatomic detail, high SNR, and clear gray-white matter tissue contrast,
which allows for high level delineation (Nelson et al., 2008). The parameters used in the
research study included an echo time (TE) of 2.19 ms, repetition time (TR) of 2400 ms,
field of view (FOV) of 240 mm, voxel size of 0.8 *0.8*0.8 mm3, flip angel (FA) of 8°,
slice thickness of 0.8mm, and GRAPPA with an acceleration factor of 2.

Freesurfer

FreeSurfer utilizes automated brain segmentation methods to label subcortical
structures in 3D T1 weighted scans of around 1mm isotropic resolution (Iglesias et al.,
2015). In this research study, it was used to measure for subcortical thickness and volume
through segmentation of five subregions of the hypothalamus: anterior inferior, anterior
superior, posterior, inferior tubular, and superior tubular, and four regions of the
brainstem: medulla oblongata, pons, midbrain, and superior cerebellar peduncle.
Freeview is a visualization tool under Freesurfer, used to view multiple output volumes
(brainmask.mgz and wm.mgz), the surfaces (rh.white and Ih.white), and the subcortical
segmentation (aseg.mgz). Freesurfer addresses issues associated with partial voluming
effect sighted in volumetric images, when more than one type of tissue from distinct

anatomical regions are comprised within a voxel, affecting the accuracy of structural
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characteristics, such as grey matter volume and thickness. (Gonzélez et al., 2002). The
software tools applied in Freesurfer is used create boundaries between white matter and
cortical gray matter, in addition to the pial surface, which can be used to measure cortical
thickness, volume, surface area, and curvature. T1-weighted images are generally used to
outline brain structures (Misaki et al., 2015). Once the skull is stripped from the volume,
it will be segmented into the cortex, white matter, and subcortical structures. The distance
from the white surface to the pial surface is the gray matter thickness. The processing
speed by which it computes segmentations in the hypothalamus is very miniscule, around
10 seconds with a CPU and lower than a second with GPU (Billot et al., 2020). The
processing steps included motion correction and taking an average of several volumetric
T1 weighted images (Reuter et al. 2010), skull stripping (Segonne et al., 2004),
performing Talairach transformation, segmentation of the structures of the subcortical
white matter and deep grey matter, (Fischl et al., 2002; Fischl et al., 2004a) intensity
normalization (Sled et al., 1998), tessellation of the boundary between the gray and white
matter, automated topology correction (Fischl et al., 2001; Segonne et al., 2007), surface
deformation (Dale et al., 1999; Dale & Sereno, 1993; Fischl & Dale, 2000), and
registration of the subjects brain to a spherical atlas (Fischl et al., 1999b). The
morphometric procedures performed from Freesurfer have been shown to produce high
test-retest reliability (Dickerson et al., 2008). After calculating the subcortical volumes
and standardizing to the whole brain volume, statistically significant differences between
the endometriosis and healthy cohort were analyzed using a t-test, shown to have high

test-retest reliability (Dickerson et al., 2008).
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RESULTS
Behavioral findings
The first objective of this study was to examine the differences in pain reporting
in patients with endometriosis and healthy participants. This was assessed in the form of
questionnaires, PROMIS and PCS, completed by participants during their study visit.
There was a total of 68 participants, ranging from 12-44 years old, 43 patients with
endometriosis (M age 27.69 + 8.40) and 25 healthy volunteers (M age 26.90 + 7.18).
Table 1 shows descriptive data, including age at study visit, race/ethnicity, level of
education completed, as well as pain measures: anxiety, depression, pain interference,
and PCS scores. Education of participants in the healthy control cohort ranged from
currently in high school to earning a Master’s degree. In the endometriosis cohort,
participants’ academic background ranged from currently in school to earning a PhD.
When compared to healthy controls, individuals with endometriosis reported higher

levels of anxiety, depression, pain interference, and PCS scores.
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Table 1. Demographic & Behavioral Characteristics of Participants. This table provides a summary of
the demographic characteristics, in which 25 participants were healthy volunteers and 43 were patients with
endometriosis (N=68). Demographic characteristics included age at study visit, race/ethnicity, level of
education completed, as well as behavioral pain measures: anxiety, depression, pain interference, and PCS.

Age at study visit Healthy Controls  Endometriosis
(n=25) (n=43)
Mean; SD; Range (12-44) 26.90; 7.18; 29 27.69; 8.40; 30

Race and ethnicity

White, not of Hispanic Origin 14 35
White of Hispanic Origin 1 1
Black/African American, not of Hispanic Origin 0 2
Black/African American of Hispanic Origin 1 1
Asian, or Pacific Islander 5 2
Native American 0 0
Other/Multiple 4 2

Level of education completed

High school 7 9
Undergraduate 17 28
N/A 1 6

Anxiety T-Score

Mean; SD; Range 51.56;9.63; 37.5 58.55; 7.80; 35.9

Depression T-Score

Mean; SD; Range 46.58; 8.37; 34.4  55.28; 8.50; 37.6

Pain Interference T-Score

Mean; SD; Range 41.18; 2.45;12 57.29; 7.17; 30.3

PCS T-Score
Mean; SD; Range 18.88; 9.66; 33 31.46; 10.29; 40
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Table 2. Independent Samples T-Test of Brainstem Regions. This table shows the level of significance
for volumetric differences in the brainstem of healthy controls and patients with endometriosis. An
independent samples t- test was conducted (n=68). Equal variances not assumed. *p<0.05 is significant.

Brain Regions | T-score df Two-sided
P
SCP 2.690 69.825 0.009*
pons 2.282 72.784 0.025*
midbrain 2.002 69.262 0.049*
medulla 2.036 72.489 0.045*
oblongata
whole 2.257 71.876 0.027*
brainstem
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Figure 1. Whisker Plot of Brainstem Volumes in Healthy Control vs Patients with Endometriosis.
Whisker plot indicating distribution of volume in segments of brainstem structures of the a) SCP, b) pons,

c¢) midbrain, d) medulla oblongata in healthy controls and patients with endometriosis. Error bars represent
the standard error of the mean. *p<0.05 is significant.
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Structural findings

The second objective of this study was to use neuroimaging to investigate
volumetric group differences in structural segments of the brainstem and hypothalamus
regions. Freesurfer was used for statistical analysis of neuroimaging data to quantify and
compare the subcortical volumes in both cohorts. After controlling for possible
confounding variables, by dividing subcortical volumes by estimated total intracranial
volume, an independent samples t-tests was administered. Table 2 revealed significant
volumetric differences in the SCP (t (69.825) = 2.690, p = 0.009), pons (t (72.784) =
2.282, p = 0.025), medulla oblongata (t (72.489) = 2.036, p = 0.045), midbrain (t (69.262)
=2.002, p = 0.049), and whole brainstem (t (71.876) = 2.257, p = 0.027).

The endometriosis cohort was found to have larger SCP, pons, medulla oblongata,
midbrain, and whole brainstem volumes compared to healthy controls, as demonstrated in
Table 10 and 11. No significant volumetric differences were observed in the
hypothalamic regions as shown in Table 3: left anterior inferior (t (60.592) = -0.765, p =
0.447), left anterior superior (t (46.105) = -0.284, p = 0.778), left posterior (t (52.488) =
0.237, p = 0.814), left tubular inferior (t (41.160) = -0.267, p = 0.791), left tubular
superior (t (50.420) = 0.313, p = 0.756), right anterior inferior (t (71.637) =-1.346, p =
0.182), right anterior superior (t (53.075) = -0.253, p = 0.801), right posterior (t (46.321)
= 1.359, p = 0.181), right tubular inferior (t (43.989) = 0.115, p = 0.909), right tubular
superior (t (51.851) = 0.540, p = 0.591), whole left (t (43.880) = -0.009, p = 0.993), and

whole right (t (44.253) = 0.583, p = 0.563).



32

Table 3. Independent Samples T-Test of Hypothalamus Regions. This table shows the level of
significance for volumetric differences in the hypothalamus of healthy controls and patients with
endometriosis. An independent samples t-test was conducted (n=68). Equal variances not assumed.
*p<0.05 is significant.

Brain Regions T-score df Two-sided
p
Left anterior inferior -0.765 60.592 447
Left anterior superior -0.284 46.105 778
Left posterior 0.237 52.488 .814
Left tubular inferior -0.267 41.160 791
Left tubular superior 0.313 50.420 .756
Right anterior inferior -1.346 71.637 .182
Right anterior superior -0.253 53.075 .801
Right posterior 1.359 46.321 181
Right tubular inferior 0.115 43.989 .909
Right tubular superior 0.540 51.851 591
Whole left -0.009 43.880 .993
Whole right 0.583 44253 563
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Figure 2. Whisker Plot of Hypothalamus Volumes in Healthy Controls vs Patients with
Endometriosis. Whisker plot of indicating distribution of volume in segments of hypothalamus structures
of the a) left anterior-inferior, b) left anterior-superior, c) left posterior, d) left tubular-inferior, e) left
tubular-superior, f) right anterior inferior, g) right anterior superior, h) right posterior, i) right tubular-
inferior, j) right tubular-superior, k) whole left, I) whole right for healthy controls and patients with
endometriosis. Error bars represent the standard error of the mean. *p<0.05 is significant.
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Correlation findings

The third objective of this thesis study was to use correlation analysis to
investigate the relationship between pain metrics and brainstem and hypothalamus
volumes. As shown on Table 4 and 5, when correlating pain metrics with each other,
there were significant correlations between anxiety and depression, anxiety and pain
interference, and depression and pain interference for endometriosis and healthy controls.
There was a significant correlation with PCS and anxiety, PCS and depression, and PCS
and pain interference for the endometriosis cohort, but not for the healthy controls. As
seen on Table 6, there were no significant correlations between pain metrics and
brainstem volumes in healthy controls. When comparing the brainstem volumes of
individuals with endometriosis to pain metrics, PCS was significantly negatively
correlated with pons volume, and approaching significance with medulla, midbrain, and
whole brainstem volumes, as shown on Table 7.

When comparing the hypothalamus volumes of healthy individuals with pain
metrics as demonstrated on Table 8, there were significant negative correlations observed
in the left anterior inferior volume with depression, right posterior volume with
depression, and an approaching significance with depression and smaller right anterior
superior volume and smaller whole right volume with depression. When comparing
anxiety scores in healthy individuals with hypothalamic volumes, a significant negative
correlation was found with the right posterior volume. Pain interference scores were
significantly negatively correlated with the whole right volume, specifically the right

anterior superior volume, right posterior volume, right tubular inferior volume, and
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approaching significance with smaller whole left volume, specifically smaller left
anterior inferior volume and left posterior volume in healthy participants. No significant
correlations were observed in PCS and hypothalamic volumes in healthy controls. As
shown on Table 9, pain interference scores approached significance with smaller left
anterior superior volume in patients with endometriosis. Depression scores approached
significance with larger whole left hypothalamic volume and were significantly positively
correlated with larger left tubular superior volume in patients with endometriosis. PCS
scores approached significance with larger left anterior inferior hypothalamic volume.
There were no significant correlations observed in anxiety with hypothalamic volumes in

individuals with endometriosis.

Table 4. Pearson Correlation Coefficient between Pain Measures in Healthy Controls. This table
shows correlations between anxiety, depression, pain interference, and pain catastrophizing (PCS) scores.
Correlation is significant at * p<0.05 and ** p<0.01. (-) signifies healthy controls hit baseline scores for
pain interference and PCS scores. (~) signifies pain metric correlated with itself not measured for
significance.

Pain Metric Anxiety | Depression | Pain Interference | PCS
t-score t-score t-score t-score
Anxiety Pearson Correlation 1 .809** 505%* | 0.056
Sig.(2-tailed) ~ 0.000 0.010 [ 0.796
Depression | Pearson Correlation | .809** 1 .661** | -0.057
Sig.(2-tailed) 0.000 ~ 0.000 | 0.790
Pain Pearson Correlation .505* .661** 1 -
Interference
Sig. 2-tailed) 0.010 0.000 -
PCS Pearson Correlation 0.056 -0.057 - 1
Sig.(2-tailed) 0.796 0.790 - ~
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Table 5. Pearson Correlation Coefficient between Pain Measures in Patients with Endometriosis.
This table shows correlations between anxiety, depression, pain interference, and pain catastrophizing
(PCS) scores. Correlation is significant at * p<0.05 and ** p<0.01. (-) signifies healthy controls hit
baseline scores for pain interference and PCS scores. (~) pain metric correlated with itself not measured for
significance.

Pain Metric Anxiety | Depression | Pain Interference | PCS
t-score t-score t-score t-score

Anxiety Pearson Correlation | 1 128** 453** 675**

Sig. (2-tailed) ~ 0.000 0.002 0.000
Depression | Pearson Correlation | .728** | 1 531** .664**

Sig. (2-tailed) 0.000 ~ 0.000 0.000
Pain Pearson Correlation | .453** [ .531** 1 501**
Interference

Sig. (2-tailed) 0.002 0.000 ~ 0.002
PCS Pearson Correlation | .675** | .664** 501** 1

Sig. (2-tailed) 0.000 0.000 0.002 ~
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Table 6. Pearson Correlation Coefficient between Brainstem Volumes and Pain Measures in Healthy
Controls. This table shows correlations between pain measures of anxiety, depression, pain interference,
and pain catastrophizing (PCS) with brainstem regions of medulla, pons, SCP, midbrain, and whole
brainstem. Correlation is significant at * p<0.05 and ** p<0.01.

Brain Anxiety | Depression Pain PCS
regions t-score t-score Interference | t- score
t- score

medulla Pearson 0.097 0.222 -0.006 0.072
Correlation
Sig. (2- 0.644 0.286 0.978 0.739
tailed)

pons Pearson 0.123 0.284 0.126 -0.112
Correlation
Sig. (2- 0.560 0.169 0.549 0.602
tailed)

SCP Pearson 0.238 0.281 -0.003 -0.007
Correlation
Sig. (2- 0.252 0.174 0.989 0.976
tailed)

midbrain | Pearson 0.021 0.127 -0.055 -0.021
Correlation
Sig. (2- 0.922 0.545 0.795 0.923
tailed)

whole Pearson 0.104 0.254 0.069 -0.064

brainstem | Correlation
Sig. (2- 0.620 0.220 0.744 0.767
tailed)




38

Table 7. Pearson Correlation Coefficient between Brainstem Volumes and Pain Measures in Patients
with Endometriosis. This table shows correlations between pain measures of anxiety, depression, pain
interference, and pain catastrophizing (PCS) with brainstem regions of medulla, pons, SCP, midbrain, and
whole brainstem. Correlation is significant at * p<0.05 and ** p<0.01.

Brain Regions Anxiety | Depression | Pain Interference | PCS
t-score t- score t- score t-score
medulla Pearson Correlation | -0.075 | -0.135 -0.163 -0.282
Sig. (2-tailed) 0.634 0.388 0.295 0.091
pons Pearson Correlation | -0.051 | -0.103 -0.130 -0.324*
Sig. (2-tailed) 0.744 |0511 0.405 0.050
SCP Pearson Correlation | -0.107 | -0.154 -0.048 -0.255
Sig. (2-tailed) 0.496 | 0.324 0.760 0.127
midbrain Pearson Correlation | -0.030 | -0.063 -0.119 -0.288
Sig. (2-tailed) 0.849 0.689 0.447 0.084
whole brainstem | Pearson Correlation | -0.052 | -0.102 -0.135 -0.315
Sig. (2-tailed) 0.741 0.516 0.388 0.058
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Table 8. Pearson Correlation Coefficient between Hypothalamus Volumes and Pain Measures in
Healthy Controls. This table shows correlations between pain measures of anxiety, depression, pain
interference, and pain catastrophizing (PCS) scores with hypothalamus regions of left anterior inferior, left
anterior superior, left posterior, left tubular inferior, left tubular superior, right anterior inferior, right
anterior superior, right posterior, right tubular inferior, right tubular superior, whole left, and whole right in
healthy controls. Correlation is significant at * p<0.05 and ** p<0.01.

Brain Regions Anxiety Depression Pain PCS
t-score t-score Interference t-score
t-score
Left anterior inferior Pearson -0.248 -0.406* -0.382 0.211
Correlation
Sig. (2-tailed) | 0.231 0.044 0.060 0.323
Left anterior superior Pearson 0.028 -0.083 -0.291 0.293
Correlation
Sig. (2-tailed) | 0.896 0.693 0.158 0.165
Left posterior Pearson -0.313 -0.271 -0.370 -0.295
Correlation
Sig. (2-tailed) | 0.128 0.189 0.069 0.161
Left tubular inferior Pearson -0.007 0.001 -0.189 -0.059
Correlation
Sig. (2-tailed) | 0.972 0.998 0.365 0.785
Left tubular superior Pearson 0.262 0.088 -0.221 0.020
Correlation
Sig. (2-tailed) | 0.205 0.675 0.288 0.927
Right anterior inferior | Pearson -0.133 -0.267 -0.103 0.274
Correlation
Sig. (2-tailed) | 0.526 0.197 0.623 0.195
Right anterior superior | Pearson -0.173 -0.347 -0.473* 0.286
Correlation
Sig. (2-tailed) | 0.407 0.089 0.017 0.176
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Right posterior Pearson -0.414* -0.479* -0.557** -0.256
Correlation
Sig. (2-tailed) | 0.040 0.015 0.004 0.227
Right tubular inferior Pearson -0.063 -0.095 -0.417* 0.127
Correlation
Sig. (2-tailed) | 0.763 0.652 0.038 0.555
Right tubular superior | Pearson 0.072 -0.030 -0.088 0.079
Correlation
Sig. (2-tailed) | 0.733 0.887 0.677 0.715
Whole left Pearson -0.045 -0.116 -0.371 -0.077
Correlation
Sig. (2-tailed) | 0.830 0.581 0.068 0.721
Whole right Pearson -0.226 -0.358 -0.545** 0.087
Correlation
Sig. (2-tailed) | 0.278 0.079 0.005 0.686
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Table 9. Pearson Correlation Coefficient between Hypothalamus Volumes and Pain Measures in

Patients with Endometriosis. This table shows correlations between pain measures of anxiety, depression,

pain interference, and pain catastrophizing (PCS) with hypothalamus regions of left anterior inferior, left
anterior superior, left posterior, left tubular inferior, left tubular superior, right anterior inferior, right

anterior superior, right posterior, right tubular inferior, right tubular superior, whole left, and whole right in

patients with endometriosis. Correlation is significant at * p<0.05 and ** p<0.01.

Brain Regions Anxiety Depression Pain PCS
t-score t-score Interference t-score
t-score
Left anterior inferior Pearson 0.036 0.063 0.178 0.300
Correlation
Sig. (2-tailed) | 0.820 0.686 0.252 0.071
Left anterior superior Pearson 0.110 0.119 -0.297 0.228
Correlation
Sig. (2-tailed) | 0.484 0.449 0.053 0.175
Left posterior Pearson 0.226 0.126 -0.228 0.168
Correlation
Sig. (2-tailed) | 0.145 0.422 0.142 0.321
Left tubular inferior Pearson 0.120 0.151 -0.002 0.020
Correlation
Sig. (2-tailed) | 0.443 0.332 0.988 0.907
Left tubular superior Pearson 0.198 0.329* 0.112 0.166
Correlation
Sig. (2-tailed) | 0.204 0.031 0.474 0.326
Right anterior inferior | Pearson -0.160 -0.053 -0.040 0.204
Correlation
Sig. (2-tailed) | 0.304 0.737 0.799 0.225
Right anterior superior | Pearson -0.104 0.016 -0.102 0.107
Correlation
Sig. (2-tailed) | 0.508 0.919 0.515 0.529
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Right posterior Pearson 0.221 0.091 -0.178 0.010
Correlation
Sig. (2-tailed) | 0.154 0.562 0.254 0.951
Right tubular inferior Pearson 0.161 0.243 0.119 0.020
Correlation
Sig. (2-tailed) | 0.302 0.117 0.446 0.907
Right tubular superior | Pearson -0.187 -0.035 -0.167 -0.152
Correlation
Sig. (2-tailed) | 0.229 0.821 0.286 0.369
Whole left Pearson 0.254 0.282 -0.066 0.209
Correlation
Sig. (2-tailed) | 0.101 0.067 0.674 0.214
Whole right Pearson 0.045 0.103 -0.136 0.006
Correlation
Sig. (2-tailed) | 0.777 0.513 0.386 0.971
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DISCUSSION
This thesis study investigated group differences in pain reporting and the
structural changes in the hypothalamus and brainstem in patients with endometriosis and
healthy controls, as a way to examine the correlation between structural changes and
psychological functioning. The findings from this study demonstrated significant
structural brain changes that may be associated with self-report pain measures and

provided insight into the centralized impact of endometriosis.

Behavioral findings

Individuals in the endometriosis cohort were found to have greater pain
interference, pain catastrophizing, anxiety, and depression scores compared to healthy
controls. These findings align with several studies that have reported that endometriosis
significantly reduces one’s quality of life and increases anxiety, depression, and stress
(Pope et al., 2015; Friedl et al., 2015; Chen et al., 2016). Psychiatric responses to
endometriosis could also be a result of the pain itself, along with infertility, difficulties
with intercourse, and fatigue, which occur consequently due to the condition
(Ramezanzadeh et al., 2014; Saunders, 2021). Individuals who have experienced
symptoms for a longer period of time are more likely to encounter higher levels of
perceived stress (Lazzeri et al., 2015) suggesting the greater impact of chronic pain on the
perception of stress compared to acute pain. Increases in symptoms could also be due to
delays in diagnosis which causes prolonged pain left untreated, exacerbating the risks of
psychiatric comorbidity. Higher pain interference scores were observed in the

endometriosis cohort, corresponding to the difficulties for many adolescents and women
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to go back to school or work and partake in activities of daily living, negatively affecting

their quality of life.

Structural findings

There were significant volumetric group differences found in the SCP, pons,
midbrain, and medulla oblongata when comparing healthy controls with participants with
endometriosis, with the endometriosis cohort having higher volumes in all the mentioned
brain stem segments. These observations expand upon previous research looking at
structural brain changes associated with endometriosis. Specifically, prior research
indicated that individuals with chronic pelvic pain (CPP) and endometriosis presented
with decreased gray matter volume in the right posterior insula, right putamen, left
thalamus, and the left cingulate gyrus, and asymptomatic individuals displayed increases
in PAG volume and the right prefrontal cortex (As-Sanie et al., 2012). The findings from
the current study also suggest that the observed structural changes in the brainstem
correlate with patient responses to measures of pain. The pons contains several nuclei
involved in pain mechanisms, including the parabrachial nucleus which relays
nociceptive information to the RVM (Gauriau et al., 2002), and the locus coeruleus,
shown to induce hyperalgesia through the activation of the LC-RVM circuit (Kong et al.,
2023). In the midbrain, the PAG and the nucleus cuneiformis interact with the RVM,
which is located in the medulla oblongata, and involved in pain modulation Haghparast et

al., 2007).
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The involvement of the SCP, pons, midbrain, and medulla oblongata has been
shown in individuals with migraine; Chong and colleagues found that migraine patients
who experienced severe symptoms of allodynia had smaller medulla, midbrain, and
cerebellar peduncle volume. (Chong et al., 2016). Migraineurs demonstrated
morphological inward deformations in the ventral side of the pons and midbrain, in
addition to the outward deformations in the lateral side of the pons and medulla (Chong
et al., 2016). Patients with fibromyalgia, a chronic pain disorder characterized by
musculoskeletal pain, displayed structural alterations in the medulla and reduced gray
matter volumes in the pons (Fallon et al., 2013). These correlations may provide insight

to alterations in circuitry in central pain mechanisms.

When comparing brainstem volumes of individuals with
encephalomyelitis/chronic fatigue syndrome (ME/CFS) to healthy controls, Thapaliya
and colleagues found that the ME/CFS group had larger volumes in pons and whole
brainstem, which could be caused by cerebral edema. Positive correlations were observed
between the pons, SCP, and the whole brain stem volumes with pain scale scores. Several
studies have demonstrated the development of cerebral edema caused by pro-
inflammatory responses (Ting-Ting et al., 2020; Thapaliya et al., 2023). In endometriosis,
the continuous activation of sensory nerve fibers can result in the recruitment of mast
cells and release of proinflammatory cytokines, and interleukins (Velho et al., 2021).
These inflammatory responses increase hyperpermeability of the blood-brain barrier
(BBB) resulting in its breakdown and accumulation of fluid into the brain parenchyma,

(i.e., edema) (Stamatovic et al., 2006; Michinaga & Koyama, 2015). Mast cells have been
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seen in prior studies in abundance in endometriotic lesions and proinflammatory
cytokines were identified in high amounts in the peritoneal fluid of patients with
endometriosis (Vallvé-Juanico et al., 2019). Increased levels of proinflammatory
cytokines correlate with central hyperexcitability due to repeated electrical stimulations
and alterations in pain response (Maddern et al., 2020). These findings could explain the
larger brainstem volumes observed in the endometriosis cohort, as inflammation could

have a significant impact on formation of edema in the brain.

The hypothalamus has major connections with the amygdala, thalamus, and the
brainstem (Kuner & Flor, 2016; Alheid, 2009), which are involved in pain processing.
Nociceptive information from the hypothalamus projects into the PAG and RVM.
Furthermore, the hypothalamic-pituitary-adrenal (HPA) axis, activated through the
secretion of the corticotropin releasing hormone and arginine vasopressin synthesized in
the paraventricular nucleus of the hypothalamus, plays a vital role in the relationship
between stress and pain (Heim et al., 1998; Chrousos & Gold, 1992). Based on these
findings, it could be hypothesized that structural alterations in the HPA and specifically
in the hypothalamus would be associated with chronic pain in patients with
endometriosis. However, there were no significant group differences observed in the
hypothalamus regions for patients with endometriosis and healthy controls. This could

perhaps be due to variability in pain intensity, age, and a limited number of participants.



47

Correlation findings

Pearson correlation coefficient was used to investigate the relationship between
the different pain metrics scores and regional brain volumes. When correlating pain
metrics with each other, there were significant correlations between anxiety and
depression, anxiety and pain interference, and depression and pain interference for
endometriosis and healthy controls. Specifically, there were significant correlations with
PCS and anxiety, PCS and depression, and PCS and pain interference for the
endometriosis cohort, but not for the healthy controls, as they may not experience as
intense levels of pain to have significant PCS scores. Anxiety, depression, and pain
interference can amplify the severity of pain, and cause individuals to be hyperalert,
which would explain the higher pain catastrophizing scores. These findings align with
several studies which indicate that anxiety and depression are commonly co-occurring
among patients with endometriosis (Pope et al., 2015; Smorgick et al., 2013).

Brainstem-pain metrics correlations

When comparing the brainstem regions to pain metrics for the endometriosis
cohort, there were significant negative correlations with PCS and pons. The locus
coeruleus in the pons is heavily involved in modulation of many cognitive processes,
including regulating attention, perception, and arousal (Sara, 2009). Alterations in the
neural circuits of the locus coeruleus due to excess stress can result in pain chronification
(Taylor & Westlund, 2017), which could elucidate why individuals with endometriosis
perceive more intense feelings of pain. In this study, the pons volume was larger in the

endometriosis cohort, however PCS scores were correlated to smaller pons volume within
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this cohort. Ongoing pain can cause the activity of the locus coeruleus to gradually
decrease over time (Suarez-Pereira et al., 2022), which may be reflected by decreases in
pons volume compared to PCS scores observed in endometriosis participants. These
findings correspond with previous research in patients with fibromyalgia that displayed
reduced gray matter volumes in the pons (Fallon et al., 2013). The pons also has a
number of nerve fibers passing through the medulla oblongata and midbrain. The PAG in
the midbrain sends its descending projections to the RVM in the medulla, which are
heavily involved in stress-induced hyperalgesia and allodynia (Pagliusi & Gomes, 2023)
Chong and colleagues found that migraine patients have smaller medulla and midbrain in
correlation with severe symptoms of allodynia, and those with lower heat pain thresholds,
more sensitive to pain, had smaller medulla oblongata volume (Chong et al., 2016). This
study aligns with our findings which indicate that PCS scores were approaching
significance in the medulla oblongata and the midbrain, demonstrating that higher pain
catastrophizing scores were correlated with smaller medulla oblongata and midbrain

volumes.

Hypothalamus-pain metrics correlations
Circadian behavioral functions are regulated by oscillations produced by the
suprachiasmatic nucleus (Bumgarner et al., 2021). Disruptions in circadian rhythm are
associated with inflammation and disorder of the endocrine function, which can result in
reduced pain thresholds, increasing pain sensitivity (Bumgarner et al., 2021; Kundermann
et al., 2004). Alterations in sleep patterns have also been known to be linked to the

development of depression. Sleep-wake disturbances were reported in individuals with
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chronic pain, including fiboromyalgia (Korszun, 2000). In a study comparing
hypothalamus volumes in different migraine patients, chronic migraine patients had
lower hypothalamus volumes, specifically in the anterior hypothalamus compared to
healthy control (Chen et al., 2019). These volumetric changes were correlated with
headache frequency and alterations in the functional connectivity with different brain
regions (Chen et al., 2019). These observations and prior literature indicating the
occurrence of depression due to alterations in the function of the suprachiasmatic nucleus
found in the anterior inferior hypothalamus, align with our study findings which showed
that in healthy controls higher depression scores were significantly correlated with
smaller left anterior inferior hypothalamus volumes. Higher pain interference scores
which could be related to depression and pain intensity were approaching significance
with smaller left anterior inferior hypothalamus volumes in healthy controls. In patients
with endometriosis, we found that higher PCS scores were approaching significance with
larger left anterior inferior volume of the hypothalamus. Similar findings were observed
in a study conducted by Arkink and colleague, which found that the anterior
hypothalamus appeared to be enlarged in episodic and chronic cluster headache (Arkink

etal., 2017).

The paraventricular nucleus of the anterior-superior hypothalamus is vital in
intervening in the regulation of nociceptive input. It synthesizes oxytocin (Li et al.,
2021), inhibiting spinal nociception (Condés-Lara et al., 2015), and is involved in the
relationship between stress and pain by releasing corticotropin releasing hormone to

activate HPA axis activity. In accordance with previous study results which found lower
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anterior hypothalamus volumes in chronic migraine patients (Chen et al., 2019), our
findings indicated that higher pain interference scores were approaching significance with
smaller left anterior superior volume in the endometriosis cohort. In healthy controls,
higher pain interference scores were significantly correlated with smaller right anterior
superior volume of the hypothalamus, and higher depression scores were approaching
significance with smaller right anterior superior volume. These findings correspond with
prior literature which explains that the medial preoptic area of the anterior-superior
hypothalamus produces prostaglandin E.(PGE:) which magnifies inflammatory and
neuropathic pain by activating the RVM neurons to promote nociception and produce

hyperalgesia (Heinricher et al., 2004).

The lateral hypothalamus is the major site for orexin expressing neurons, which
have been shown to be involved in pain modulation, and these OX1 receptors are
distributed throughout the pain circuitry, including the PAG region (Behbehani et al.,
1988; Peyron et al., 1998; Marcus et al., 2001; Jeong et al., 2009). The posterior
hypothalamus has appeared to be activated in trigeminal autonomic cephalalgies (TACs),
and inhibition of PH activity produced anti-nociceptive effects on trigeminal neuropathic
pain signal transmission by modulation of the PAG and trigeminal nucleus caudalis
(TNC) (Islam et al., 2023). In a study comparing hypothalamus volumes in different
migraine patients, episodic migraine patients had lower hypothalamus volumes,
specifically in the posterior hypothalamus compared to healthy control (Chen et al.,
2019). These volumetric changes were associated with headache frequency (Chen et al.,

2019). Our findings indicated that higher anxiety, depression, and pain interference



o1

scores significantly correlated with smaller right posterior volume of the hypothalamus in
healthy controls, and higher pain interference scores were approaching significance with
smaller left posterior volume. This corresponds with prior literature indicating decreased
hypothalamic volumes in generalized anxiety disorder (GAD) patients. Since depression
and pain interference have shown to be co-existing with anxiety, this explains why

similar trends of decreased volume in the posterior hypothalamus occur.

The supraoptic nuclei of the inferior tubular hypothalamic region and the PVN of
the anterior-superior hypothalamus synthesize and secrete oxytocin and arginine
vasopressin (AVP), influencing nociception (Landgraf & Neumann, 2004). The
parabrachial region projects nociceptive information to the ventromedial nucleus of the
inferior tubular region, which projects extensively to the PAG. The ventromedial nucleus
of the hypothalamus is responsible for generating an innate affective reaction, such as
vocalization, in response to a painful stimulus (e.g., tail shock in a rodent model)
(Borszcz, 2006). Stimulation of the ventromedial nucleus of the hypothalamus induces
analgesia, which may be mediated by periaqueductal output (Bernard, 2007). The arcuate
nucleus of the inferior tubular region contains insulin receptors which when activated
promote secretion of endogenous opioids, and inhibition of the nucleus has been shown
to increase pain sensitivity (Khaleghzadeh-Ahangar et al., 2020). Based on the
involvement of the right tubular inferior hypothalamus in pain processing, our results in
adjacent hypothalamic regions, may explain our findings that higher pain interference
scores were correlated with smaller right tubular inferior volume of the hypothalamus in

healthy controls.
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Within the hypothalamus, there was variability in regional volumes that
differentially correlated with depression scores in control subjects and subjects with
endometriosis. Specifically, the volume of the right posterior hypothalamic region was
negatively correlated with depression in control subjects. By contrast, the volume of the
left superior tubular hypothalamic region was positively correlated with depression in the
endometriosis participants. These findings are consistent with emerging evidence
suggesting that the response to stress is associated with structural and functional
asymmetry in the hypothalamus in patients with mood disorders (Schindler et al., 2019).
This regional variability in hypothalamic volumes and depression scores may reflect
differences in the etiology of depression in these two groups. Further research is needed

to elucidate these relationships.

Limitations

The study implemented cross sectional data to evaluate volumetric and behavioral
group differences in endometriosis and healthy controls. However, longitudinal studies
could provide valuable insight into disease progression over time. In statistics, power
computes the extent to which a study is able to detect true differences or associations
within the study population (Fox & Mathers, 1997). G Power was used to compute effect
sizes and statistical power (Faul et al., 2007). The study contained a sample of 25 healthy
controls and 43 endometriosis participants, with a statistical power of 0.48, which
reflected structural differences in brainstem volumes between endometriosis and healthy
controls. The participants in the study were predominately white, not reflective of the

incidence of endometriosis across all racial/ethnic groups. A sufficiently powered study
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with a similar number of healthy controls to endometriosis participants would better
differentiate the effects of pain on psychiatric measures and subcortical volumes between
cohorts. A more diverse and larger sample size would produce more reliable and
generalizable results. To receive an endometriosis diagnosis, individuals would have to
undergo an invasive procedure, and if they are not experiencing symptoms, they may not
have a reason to. Therefore, there is a possibility that the healthy control group could
have included individuals who are asymptomatic with endometriosis. However, in the
study, participants in the endometriosis cohort had surgically diagnosed endometriosis,
and reported severe symptoms prior to surgery, and participants in the healthy control
cohort would be excluded from the study if they reported experiencing any life-impacting

chronic pain, including chronic pelvic pain.

Conclusions

Our findings identified significant differences in pain reporting and brain stem
volumes in patients with endometriosis and healthy controls and indicated a relationship
between brainstem and hypothalamus volumes and pain reporting. Future research should
seek to expand on these findings and determine how these structural changes correlate
with different treatment modalities with the expectation that this additional information
may help guide improvements in treatment from an evidence-based approach. In
addition, longitudinal analysis could be implemented to understand age-related regional
brain and behavioral changes, as well as differences in presentation reflected by duration
of the disease. Finally, there is an under-representation of racial and ethnic minority

populations in research studies on endometriosis stemming from biases and barriers to
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gynecological care, resulting in disparities in endometriosis diagnosis, and therefore

future studies should examine how endometriosis is presented in non-White populations.
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APPENDIX

Table 10. Summary Statistics of Brainstem Volumes in Healthy Controls. This table shows the mean,
standard deviation, minimum, and maximum values of brainstem regions: SCP, pons, midbrain, medulla

oblongata, and whole brainstem in healthy controls.

Brain Regions Mean SD Min Max
SCP 1.51x10*| 2.45x10° [1.08x10% 2.12x 10*
pons 1.00x10?| 1.20x10%° [7.99x 10 1.25x 1072
midbrain 4.29x 103 3.95x10* [3.59 x 103 5.17 x 103
medulla oblongata {3.30 x 103 3.32x 10* [2.73x 1079 4.14x 10°®
whole brainstem  [1.78 x 10| 1.86x 10 [1.44x 10 2.13 x 10

Table 11. Summary Statistics of Brainstem Volumes in Patients with Endometriosis. This table shows
the mean, standard deviation, minimum, and maximum values of brainstem regions: SCP, pons, midbrain,

medulla oblongata, and whole brainstem in patients with endometriosis.

Brain Regions Mean SD Min Max
SCP 1.67x10%| 2.91x10° | 1.21x10* |2.52x 10*
pons 1.07x 10?| 1.86x 103 | 6.44x10% |1.52 x 102
midbrain 450x10% 7.14x10% |[2.90x10° [6.13x10°%
medulla oblongata [3.47 x 10®| 5.13x10* | 2.32x10% |4.70 x 103
whole brainstem  [1.88 x 102[ 3.05x 10° | 1.18 x 10 [2.60 x 102
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Table 12. Summary Statistics of Hypothalamus Volumes in Healthy Controls. This table shows the
mean, standard deviation, minimum and maximum values of hypothalamus regions: left anterior inferior,
left anterior superior, left posterior, left tubular inferior, left tubular superior, right anterior inferior, right
anterior superior, right posterior, right tubular inferior, right tubular superior, whole left, and whole right in
healthy controls.

Brain Regions Mean SD Min Max
Left anterior inferior 1.06 x 10°° 3.08 x 10°® 3.92x 10°® 1.61x10°
Left anterior superior 1.58 x 10" 4.02 x 10°® 1.07 x 10 2.69 x 10°
Left posterior 8.21x10° 1.51x10° 575 x 10° 1.18 x 10*
Left tubular inferior 9.83x10° 2.04 x10° 7.24 x10° 1.44 x 10*
Left tubular superior 8.18x 10° 1.43x10° 6.25 x 10°° 1.18 x 10
Right anterior inferior 9.80 x 10°® 3.09 x 10°® 3.37x10°® 1.71x 10°
Right anterior superior 1.46 x 10°° 4.92 x 10°® 4.41 x 10°® 2.54 x 10°
Right posterior 9.14x 10° 1.79x 10°° 573x10° 1.41x10*
Right tubular inferior 8.87 x 10° 1.61x10° 6.11x 10° 1.31x 10*
Right tubular superior 8.30x 10° 1.42 x 10° 6.02 x 10°° 1.17 x 104
Whole left 2.89 x 10 5.17 x 10 2.11x10* 4.22 x10*
Whole right 2.87 x 10 4.96 x 10° 1.98 x 10 4.10 x 10
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Table 13. Summary Statistics of Hypothalamus Volumes in Patients with Endometriosis. This table
shows the mean, standard deviation, minimum and maximum values of hypothalamus regions: the left
anterior inferior, left anterior superior, left posterior, left tubular inferior, left tubular superior, right anterior
inferior, right anterior superior, right posterior, right tubular inferior, right tubular superior, whole left, and
whole right region in patients with endometriosis.

Brain Regions Mean SD Min Max
Left anterior inferior 7.91x10° 9.26 x 10°® 5.80 x 10°° 1.01 x 10
Left anterior superior 1.61x10° 2.60x 10°® 1.15x10° 2.19x10°
Left posterior 8.23x10° 1.19x 10° 5.78 x 10 1.12x 10*
Left tubular inferior 9.93x 10° 1.17 x 10 7.58 x 10°® 1.30 x 10
Left tubular superior 8.05 x 10 1.10 x 10 5.80 x 10°° 1.16 x 10

Right anterior inferior 1.12 x 10 4.02 x 10°® 3.75x 10°® 1.96 x 10

Right anterior superior 1.53x 10 3.08 x 10°® 8.74 x 10°® 2.34x10°

Right posterior 8.78 x 10° 1.23x10° 6.56 x 10° 1.14 x 10*

Right tubular inferior 8.81x10° 1.03x 10° 6.61 x 10 1.16 x 10

Right tubular superior 8.13x 10° 1.05x10% 4.41x10° 1.02 x 104

Whole left 2.89 x 10* 3.19x10° 2.35x 10* 3.85x 10*

Whole right 2.83x 10* 3.05x 10° 2.10x 10* 3.51x10*
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