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Abstract

Although elevated estradiol levels facilitate chronic pelvic pain in animal models, it remains to be determined whether sex
steroid levels are altered in a cross-section of women with chronic pelvic pain (CPP) and those at-risk for developing CPP.
We sought to determine if sex steroid levels are increased in women with menstrual pain and whether those changes were
more extreme in two groups of women with worsened pelvic pain profiles: a) dysmenorrhea plus evidence of bladder pain
sensitivity and b) bladder pain syndrome. Serum samples were collected during the mid-luteal phase to measure estradiol,
progesterone, testosterone, and sex hormone-binding globulin. We also compared quantitative sensory testing profiles to
evaluate how sex steroid differences influence proposed pain sensitivity mechanisms. Women with combined dysmenorrhea
and bladder sensitivity had higher estradiol concentrations than controls (487 [IQR 390 — 641] vs 404 [336 — 467] pmol/L,
p = 0.042). Bladder pain syndrome participants had greater sex hormone-binding globulin than controls (83 [71 — 108] vs 55
[42 — 76 nmol/L; p =0.027). Levels of pain sensitivity and mood were different across the groups, but the only significant
relationship to sex steroids was that sex hormone-binding globulin was correlated to somatic symptoms (r = 0.26, p = 0.03).
These findings show women potentially at-risk for CPP and women with diagnosed CPP exhibit altered circulating levels of
sex steroids. Because these hormonal differences appear to be independent of mood or pain sensitivity, the role of sex
steroids in the emergence of CPP may be via sensitization of visceral afferents.
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Introduction . e
molecules known to evoke pain sensitization. For exam-

ple, animal models have demonstrated that ovariectomy-
induced reductions in estradiol increase pain sensitivity

The role of sex steroids in dysmenorrhea or chronic
pelvic pain conditions such as bladder pain syndrome

is unknown, even though hormonal suppression is fre-
quently prescribed to treat these conditions.'* Sex ste-
roids are among the most potent transcriptional
modulators of synaptic plasticity, with enormous poten-
tial to modulate pain signaling.® Estradiol can increase
synaptic activity and facilitate pelvic pain by inducing
signal cascades that phosphorylate NMDA synaptic
receptors in experimental induction models of pelvic
cross-organ sensitization.*> These results are consistent
with many other studies showing that sex steroids affect
pelvic nerve and visceral sensitivity.®'' Conversely,
reduced levels of estrogen (which often occurs during
perimenopause) could exacerbate pain sensitivity by
increasing levels of neuropeptides, and inflammatory

and Substance P, with those changes normalized by
administering supplementary estradiol.'>'® Likewise,
estradiol can also increase COX-2 activity and prosta-
glandin synthesis systemically response to inflamma-
tion.'* Thus, there are complex bidirectional effects of
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estradiol on pain sensitivity. Because women with dys-
menorrhea are at a greater risk of developing chronic
pelvic pain,'® identifying sex steroid differences could
help identify women at increased risk of developing
chronic pelvic pain and suggest potential therapeutic
targets.

Despite the potential importance of sex steroids in
pain conditions, few studies have characterized the dif-
ferences in women with episodic menstrual pain or
chronic pelvic pain. Whereas one study reported higher
estradiol concentrations in women with dysmenorrhea
compared to pain-free controls, another reported no sig-
nificant differences.'®!” The two studies’ discrepancies
could be due to an escalating association with dysmen-
orrhea and pelvic pain intensity. For example, partici-
pants with milder dysmenorrhea may have lower
estradiol levels than those with more severe forms of
both menstrual and chronic pelvic pain. Although
there is a correlation between endogenous serum estra-
diol content and pain sensitivity,'®! it remains to be
determined whether endogenous levels are altered in
chronic pain conditions.

Additionally, there are likely bidirectional effects of
sex steroids and mood.?® Indeed, studies in women with
perimenstrual mood symptoms have often reported ele-
vated serum estradiol concentrations during the luteal
phase.?'** Thus, any study establishing cross-sectional
differences in sex steroids in episodic and chronic pain
conditions should also evaluate the potential confound-
ing effects of psychological factors. Because ~40% of
estradiol is sequestered by sex hormone-binding globulin
(SHBG) and has been reported to correlate with pain
severity>**° and depression,?® SHBG may be an essential
molecule to evaluate simultaneously.

Given the bidirectional influences on sex steroids in
pelvic pain modulation, these effects may be hard to
untangle once chronic pain is established. Logically,
assessing changing serum levels in patients during the
transition into chronic pain may yield insight into the
role of sex steroids and pain emergence. We hypothe-
sized that increased circulating estradiol levels might be
responsible for the transition to chronic pelvic pain.
Specifically, in our data set, we hypothesized that elevat-
ed estradiol would be observed in a specific subset of
women with dysmenorrhea and increased bladder sensi-
tivity (DYSB). Our previous findings indicate that
women with DYSB have decreased body and pelvic
pain pressure thresholds compared to control partici-
pants.?”-*® This group’s experimental profile and pres-
ence of mild clinical symptoms (occasional mild
symptoms below the threshold for diagnosis of chronic
pain conditions) suggest an increased risk of developing
chronic pelvic pain.?”?*

In this study, we compare serum sex steroid levels and
sex hormone-binding globulin (SHBG) from women

with DYSB to healthy pain-free controls (HC), women
with dysmenorrhea (DYS = dysmenorrhea without blad-
der sensitivity, or other chronic pain conditions), and
those formally diagnosed with bladder pain syndrome
(BPS). We also examined the relationship of sex steroids
with psychological profiles and experimental pain sensi-
tivity to understand whether their role on pain experi-
ence is related to these common potentially contributing
factors.

Materials and methods

Participant recruitment

This prospective observational study was designed to
characterize uterine cross-organ influences on experi-
mental bladder pain sensitivity and was approved by
the NorthShore University HealthSystem Institutional
Review Board. Female participants, ages 18 to 45,
were recruited using flyers posted in the community,
the Illinois Women’s Health Registry, and referrals
from gynecology clinics in our health system.
Participants included in this study were recruited and
enrolled from August 2014 to May 2018. Before enroll-
ment, all potential participants were instructed to con-
tact our team to complete a phone screen. If they were
considered eligible for the study, participants were
scheduled for an initial screening visit.

Screening visit. At the start of the screening visit, partic-
ipants provided their written informed consent. Next,
participants completed questionnaires disclosing their
medical, surgical, psychological, and gynecological his-
tory using REDCap.? A gynecologist trained in pelvic
pain evaluation performed a standardized pelvic exam
on most participants with dysmenorrhea to confirm the
absence of potential secondary dysmenorrhea. After
confirming that occult pathology was rarely observed
(3 times in the first 98 participants), we discontinued
pelvic exams. The pelvic exam included systematic pal-
pation of the perineum, vagina, pelvic floor, fornices,
uterus, cervix, urethra, and bladder with explicit capture
of areas of tenderness, presence of any uterovaginal pro-
lapse, and identification of any palpable pelvic masses
such as ovarian cysts, or leiomyoma.>® A simplified ver-
sion of the noninvasive sonographic bladder test
(detailed below under Assessment Visit) was conducted
at the screening visit for dysmenorrheic participants.
They were asked to drink 20 ounces (591 mL) of water
within Sminutes and report when they felt the first sen-
sation (i.e., when they first felt capable of urinating) and
the first urge (i.e., when they would ordinarily void) to
urinate. At each time point, participants recorded their
bladder urgency and bladder pain on a 0-100 Visual
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Analogue Scale (VAS; 0: no pain or urgency; 100: worst
pain or urgency imaginable).

All participants were provided luteinizing hormone
urinary assay kits (Wondfo USA Co., Willowbrook,
IL) to accurately time participation for the subsequent
mid-luteal phase assessment visit (approximately
17-25 days post-onset of menses). Participants complet-
ed web-based daily diaries for a full menstrual cycle and
rated the severity of their menstrual and bladder pain on
a 0—10 numerical rating scale (NRS; 0: no pain, 10: worst
pain imaginable).

To be enrolled as a healthy pain-free control, a par-
ticipant had to rate their menstrual pain less than or
equal to 3 on an NRS and have no concurrent chronic
pain diagnoses. Questionnaires and diaries were used to
confirm the lack of concurrent pain conditions. Enrolled
dysmenorrheic participants needed to report menstrual
pain greater than or equal to 5 on an NRS and have no
concurrent chronic pain diagnoses. Participants in the
dysmenorrhea with bladder sensitivity (DYSB) group
met the criteria for dysmenorrhea and also reported
pain (>15 on a 0-100 VAS) during the bladder pain
test described below. The rationale for this threshold
was established in an earlier publication.’’ Enrolled
BPS participants needed a prior diagnosis of BPS/inter-
stitial cystitis as defined by American Urological
Association®? for more than three months and reported
pelvic pain greater than or equal to 3 on an NRS.

Participants were excluded from the study for the
presence of active pelvic or abdominal malignancies,
the absence of regular menses, active genitourinary
infection in the last four weeks, the inability to read or
comprehend the informed consent in English, the refusal
to undergo pelvic examination/testing, BMI > 40, and
hypertension. In order to focus on effects associated
with primary dysmenorrhea, participants with known
cases of secondary dysmenorrhea (e.g., fibroids, endo-
metriosis) were excluded from all groups except the
BPS group. Six participants in the BPS group had a
prior history of endometriosis. Similarly, dysmenorrhea
and healthy control participants with comorbid pain
conditions were excluded. Participants with BPS were
previously diagnosed with IBS (n=35), endometriosis
(n=06), arthritis (n=1), low back pain (n=6), and
migraine (n=35). All participants were required to
wash out of oral contraceptive pills or any other hor-
monal implants and complete daily diaries for an entire
menstrual cycle before the assessment visit.

Assessment visit. All visits were scheduled for the partic-
ipant’s expected luteal phase. Participants were asked to
avoid taking short-acting, over-the-counter analgesics
(i.e., ibuprofen, acetaminophen), opioids, and caffeine
for at least six hours before the visit. We also prohibited

the use of longer-acting NSAIDs (i.e., Aleve) for at least
twelve hours before the study visit.

All participants performed a noninvasive bladder test,
a mimic of clinical retrograde cystometry.*® Before the
test, participants emptied their bladders and were asked
to drink 20 ounces (591 mL) of water within 5 minutes.
Participants reported when they reached three standard
cystometric urgency thresholds: first sensation, first urge,
and maximum tolerance.>* Participants also rated their
bladder pain and urgency at each urgency threshold on a
0-100 VAS.?® During the test, participants were provid-
ed an additional 10 ounces (296mL) of water at
45minutes and again at 60 minutes if they had not
reached maximum tolerance. Participants were given a
total of 120 minutes to complete the test to prevent
unnecessary harm and injury. If a participant reached
the time limit, she was instructed to report her bladder
pain and urgency and then void, regardless of reaching
maximum tolerance.

During the bladder test, participants completed ques-
tionnaires. On average, participants finished question-
naires 13+ 5minutes before rating “first urge” pain on
the bladder task. The NIH Patient Reported Outcomes
Measurement Information System (PROMIS) anxiety,
depression, pain behavior, and pain interference
scales™ were administered to evaluate psychological
and pain-related profiles. We characterized physical pre-
sentation of somatization using the Brief Symptom
Inventory — Somatization subscale (BSI).*® Participants
also completed interstitial cystitis symptom index ques-
tionnaires to characterize their BPS symptoms.®’

After completion of the bladder test and question-
naires, we measured pain sensitivity using QST. For
complete methods and prior results of QST (without
correlation to hormone data), see our earlier study.?’
Because this sex steroid data set only examines a
subset of our previous participants, we only included
QST parameters which we were adequately powered to
detect a difference. Pelvic pain pressure thresholds
(PPTs) were assessed transvaginally at four sites (right
and left iliococcygeus, anteriorly against the bladder,
and posterior anorectal raphe) using a 1 cm? diameter
contact area, with a force-sensing resistor (Trossen
Robotics, Downers Grove, IL) mounted inside the
examiner’s glove. A computer-generated visual guide
was used to ramp the stimulus at 0.5 Newtons (N)/s.
Body PPTs were evaluated with a digital algometer
(Wagner Instruments, Greenwich, CT) with a 1 cm?
rubber tip applied at a ramp rate of 4N/s with a
computer-generated visual guide. Body PPTs were
assessed at the right trapezius, the right medial knee
fat pad, and the right greater trochanter. These sites cor-
respond to the American College of Rheumatology
guidelines for fibromyalgia tender point sites.’® As a
control, we also included a mid-forehead site. Each site
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was measured in the same order with a 10-second break
between each internal site, 15seconds between each
external site, and a two-minute break between repeat
measurements. Two trials were performed at each site,
and the average threshold was used for analyses. We
verified that we had interexaminer reliability of QST
measurements (Cronbach o’s > 0.9) before beginning
testing and achieved high consistency (Cronbach o’s >
0.9) across the body and pelvic sites. We also evaluated
sensitivity to the cold pressor task by having participants
immerse their right hand, up to the wrist, into a bucket
of ice water (mean temperature=1.7° C, standard
deviation =1.0° C) with a high-speed water circulation
pump (7.4 L/min). After 10seconds of immersion, par-
ticipants were asked to rate their hand pain on a 0-10
NRS scale.

Blood collection and serum retrieval. Blood samples, collect-
ed by a trained research nurse using BD Vacutainer
serum tubes (BD and Co., Franklin Lakes, NJ),
remained at room temperature for 30-60 minutes to
clot. Samples were then centrifuged at 1200 rpm for
10 minutes at room temperature to retrieve the serum
supernatant. Serum samples were immediately aliquoted
into cryogenic vials (Corning Inc., Corning, NY) and
stored at -80°C until needed.

Serum hormone analyses. Hormone and SHBG assays
were performed at the University of Virginia Ligand
Assay & Analysis Core of the Center for Research in
Reproduction. Radioimmunoassays were used to mea-
sure serum estradiol (sensitivity range: 10-1000 pg/mL;
MP Biomedicals, Solon, OH). Enzyme immunosorbent
assays (Immulite 2000, Siemens Healthcare, Los
Angeles, CA) were used to measure serum progesterone
(sensitivity range: 0.2 — 40 ng/mL), sex hormone-binding
globulin (SHBG:; sensitivity range: 2 — 180 nmol/L), and
testosterone (sensitivity range: 10 — 1600ng/dL).
Participants with serum testosterone concentrations
below the assay’s sensitivity range were assigned a
default concentration of 10ng/dL. All assays were run
in duplicate to accommodate any potential errors in
pipetting, analytes, contamination, or measurement.
Coefficients of variation (Intra-assay, inter-assay) for
each assay are as follows: estradiol (6.7%, 9.8%); pro-
gesterone (4.2%, 5.8%); SHBG (3.2%, 7.2%), and tes-
tosterone (4.9%, 7.1%). Any measurement with a
coefficient of variation greater than or equal to 20%
was excluded. This level of variation is a standard
threshold for excluding potentially invalid data, partic-
ularly in hormonal ELISA measurements.””

Power analysis. Our primary power analysis governing the
planned sample size (http://clinicaltrials.gov/ct2/show/
NCT02214550) was based on the primary objective for

a longitudinal study on the experimental effects of hor-
monal suppression for menstrual pain and resulted in
uneven group allocation. For this observational sub-
study, we performed a separate power analysis and
used an ANOVA power analysis to provide a conserva-
tive estimate of the sample size needed. Our calculations
suggested a minimum sample size of 76 participants for
an omnibus fixed-effects one-way ANOVA (x=0.05;
p=1-0.8) across the 4 groups assuming a large effect
size (f=0.4) using G-power.*’ Notably, sample sizes are
somewhat similar for Kruskal-Wallis tests*' that were
needed because the data was not normally distributed.
Additional participants (total n=130) samples were
drawn to account for potential analytic failures.
Hormone concentrations in 124 participants were mea-
surable, but high coefficients of variation (> 20%)
resulted in excluding 9 SHBG, 4 estradiol, 7 testoster-
one, and 7 progesterone measurements. Excluded meas-
urements were not included in analyses. There was no
other missing data.

Data and statistical analyses. Data were analyzed in R 4.0
(R Core Team, 2020). p<0.05 was considered the
threshold for significance.

Group differences in clinical characteristics, demo-
graphic characteristics, and serum hormone concentra-
tions were evaluated using a Kruskal-Wallis test
accompanied by a Dunn’s test. Reported significant sta-
tistics were adjusted for multiple comparisons using the
Benjamini-Hochberg procedure.*> Because age is a
known confounder of SHBG*® and the BPS participants
were older, we performed an additional sensitivity anal-
ysis including age as a covariate with ordered logistic
regression. To evaluate if potential confounders (anxi-
ety, menstrual pain, somatic symptoms) could have
influenced group differences in sex steroid levels, we cal-
culated Spearman’s correlation coefficient. As an explor-
atory analysis to further examine the relationship
between all metrics of bladder sensitivity, QST and sex
steroid levels, we calculated partial correlation coeffi-
cients accounting for age (similar to Andersson*).

The data that support the findings of this study are
available from the corresponding author, K.M.H., upon
reasonable request.

Results

Participants’ demographic, menstrual, psychological,
and sensory characteristics

There were no notable differences in race or BMI across
the four participant groups (Table 1). BPS participants
were about 7years older than healthy controls, DYS
participants, and DYSB participants.
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Table |I. Participants’ demographic information.

HC DYsS DYSB BPS P value
n 29 40 37 18
Age 23.0 [18.0, 28.0] 22.5 [20.0, 29.2] 22.0 [20.0, 26.0] 30.5 [27.2, 34.8]° 0.008
BMI kg/cm? 21.4 [21.0, 22.3] 22.7 [20.7, 24.4] 22.2 [20.2, 25.3] 23.7 [19.8, 27.5] 0.553
Native American or | (3.4%) I (2.5%) 0 (0.0%) 0 (0.0%) 0.548

Pacific Islander

Asian 8 (27.6%) 6 (15.0%) 8 (21.6%) 0 (0.0%) 0.094
Black 2 (6.9%) 14 (35.0%) 8 (21.6%) 4 (22.2%) 0.054
White 18 (62.1%) 24 (60.0%) 23 (62.2%) 15 (83.3%) 0.347
Hispanic 2 (6.9 %) 4 (10.0%) 8 (21.6%) 0 (0%) 0.077

Note: BMI =Body Mass Index; HC = Healthy Control; DYS = Dysmenorrhea only; DYSB = Dysmenorrhea with Bladder Sensitivity; BPS = Bladder Pain
Syndrome. Data are represented as median [25", 75" percentile] or as number (percentage). Some participants selected multiple racial designations. P

values are from Kruskal Wallis tests or X? tests.

Bold numbers and superscript “a” indicate p < 0.05 different than HC after correction for multiple comparisons.

Table 2. Participants’ menstrual, psychological, and QST characteristics.

HC DYS DYSB BPS P value
Menstrual characteristics
Hormonal contraceptive use 2 (6.9%) 4 (10.0%) 5 (13.5%) 4 (22.2%) 0.439

in cycle prior to study washout
Hormonal contraceptive 3 (10.3%) 8 (20.0%) 6 (16.2%) 6 (33.3%) 0.252
use in last 6 months

Cycle length 28.0 [25.0, 32.0]  29.0 [26.1, 33.4] 29.0 [26.0, 33.0] 28.0 [25.0, 30.8] 0.499
Visit cycle day 19 [17 23] 20 [18 24] 20 [17 22] 20 [17 24] 0.853
Menstrual pain 0-100 VAS 10.0 [4.0, 22.0] 73.0 [65.0, 81.2]" 70.0 [64.5, 85.0]° 72.0 [60.0, 98.0]° <0.001
Other pain symptom and psychological characteristics
Pain behavior 50.1 [36.7, 55.6]  52.5 [36.7, 56.6] 56.4 [53.9, 59.2]° 58.9 [56.4, 61.7]° <0.001
Pain interference 41.0 [41.0,50.8] 48.5[41.0, 52.5] 55.0 [50.8, 58.1]° 62.2 [54.4, 65.2]° <0.001
Somatic symptoms 1.0 [0.0, 3.0] 1.0 [0.0, 4.0] 3.0 [2.0, 6.07* 6.5 [3.0, 9.87° <0.001
Anxiety 53.8 [48.4, 56.3] 56.3 [46.7, 61.3] 56.3 [53.8, 61.3]° 60.0 [55.4, 65.1]° 0.006
Depression 53.4 [43.3,57.1] 51.2 [43.3, 55.3] 54.3 [51.2, 61.6] 57.1 [50.1, 62.5] 0.036
ICSI 2 [2 4] 2 [1 6] 64977 119 14] <0.001
Quantitative sensory testing
Bladder pain at first urge 3.0 [1.0, 3.0] 2.0 [1.0, 4.0] 32.0 [24.0, 48.0]° 42.5 [34.2, 55.0]° <0.001
Vaginal PPT (Newtons) 11.9 [7.6, 14.1] 7.6 [5.8, 12.8] 6.3 [4.6, 10.77° 7.2 [4.5, 10.0]° 0.010
Body PPT (Newtons) 239 [18.4, 34.11 18.1 [14.0, 27.2] 18.5 [15.2, 22.5]* 21.9 [15.1, 30.5] 0.022
Cold pressor (NRS) 4.5 [3.0, 6.0] 7.0 [5.0, 9.2]° 6.0 [5.0, 7.07° 6.5 [4.8, 7.2]° 0.001

Note: HC = Healthy pain free Control; DYS = Dysmenorrhea only; DYSB = Dysmenorrhea with Bladder Sensitivity; BPS = Bladder Pain Syndrome;
VAS = Visual Analogue Scale; ICSI = Interstitial Cystitis Symptom Index Score NRS = Numerical Rating Scale. Data are represented as median [25%, 75®
percentile] or as number (percentage). P values are from Chi-square or Kruskal Wallis tests.

Bold numbers and superscript “a” indicate p < 0.05 different from HC after correction for multiple comparisons.

There were no group differences in menstrual charac-
teristics other than menstrual pain rating. DYS, DYSB,
and BPS participants reported severe menstrual pain
(medians 70 — 73 on a 0-100 VAS), unlike pain-free
controls (median 10, p’s < 0.05; Table 2).

Pain characteristics were also characterized by
PROMIS pain behavior, pain interference scales, and
the Interstitial Cystitis Symptom Index. Only DYSB
and BPS participants had significantly worse PROMIS
pain behavior and pain interference scores than pain-free
controls after corrections for multiple comparisons

(Table 2). DYSB and BPS participants also had more
somatic symptoms compared to pain-free controls
(Table 2). DYSB and BPS participants had higher anx-
iety scores than pain-free controls, but depression scores
were not significantly different (Table 2). DYSB and
BPS participants also had higher Interstitial Ciystitis
Symptom Index Scores than pain-free controls (Table 2).

By definition,>' DYSB participants reported experi-
mental bladder pain greater than 15 on a 0-100 VAS at
first urge, and they had pain levels similar to BPS partic-
ipants (Table 2). Participants with DYSB reported nearly
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as much pain at first urge (32 [24, 48]) as BPS participants
(43 [34, 55]; p=0.091), but had significantly more bladder
capacity (256 [1,94,345] vs. 192 [89,235]; p=0.018).
Notably, both DYSB and BPS participants had signifi-
cantly more pain at first urge than control participants
(Table 2). Similar results were obtained at first sensation
and maximum tolerance (Figure 1). Significant increases
in pain sensitivity were observed for vaginal PPT, body
PPT, and cold pressor pain in DYSB and BPS partici-
pants compared to pain-free controls (Table 2:
p’s <0.05). Although DYS participants reported worse
pain on the cold pressor task than healthy controls,
they showed no significant differences for PPTs.

Serum hormone differences in complex pain groups

We next assessed whether DYS, DYSB, or BPS partic-
ipants had differences in progesterone, estradiol, SHBG,
and testosterone compared to controls (Table 3). There
was no significant difference in progesterone or testos-
terone across groups and no significant group contrasts
(p’s > 0.3). However, DYSB participants (487 [390 — 641]
pg/mL) had a 20% higher serum estradiol concentration
than pain-free controls (404 [336 — 467] pmol/L) even
after corrections for multiple comparisons (p =0.042).
Serum SHBG concentrations were also different across
groups, with BPS participants having 50% higher SHBG
concentrations (83 [71 — 108] nmol/L) than controls (55
[42 — 76] nmol/L; p=0.027). Because age is a known
confounder, we confirmed that BPS participants had
higher levels of SHBG (odds ratio: 2.7 £1.3; p =0.045)
accounting for age (odds ratio: 1.07+0.03/year;
p=0.009) as a covariate in an ordered logistic regression
model.

The relationship between hormones, psychological
factors, QST, and bladder pain

We next examined if there were any other meaningful
associations between sex steroid levels and other pain
variables or psychological factors that could alternative-
ly be responsible for differences in bladder sensitivity.
We calculated Spearman correlations in both the entire
cohort and adjusted for multiple comparisons. Initially,
we focused on critical variables that are different in
DYSB (menstrual pain, somatic symptoms, and anxiety)
and hormones that were different among the groups
(estradiol and SHBG). Among all of these factors,
only the correlation between SHBG and somatic symp-
toms was significant (r=0.26, p=0.03; Table 4). We
conducted a sensitivity analysis excluding BPS partici-
pants to limit bias purely associated with group differ-
ences, and the correlation between SHBG and somatic
symptoms was still significant (r=0.20, p =0.04).

Finally, partial correlation coefficients were calculat-
ed to explore any meaningful associations between sex
steroid levels and bladder or somatic pain sensitivity
(Table 5). Although SHBG was correlated to bladder
pain at first sensation and first urge even after adjusting
for age (p’s < 0.05), results were not significant after cor-
rections for multiple comparisons. Correlations between
sex steroid levels and other metrics of QST were not
significant.

Discussion

This cross-sectional study sought to examine if sex ste-
roids were related to dysmenorrhea and experimental
bladder pain sensitivity. Our results showed that
women with bladder pain sensitivity (DYSB) had greater
serum estradiol. In comparison, those with diagnosed
bladder pain syndrome (BPS) had greater SHBG
serum concentrations. Although SHBG was correlated
with somatic symptoms, overall differences in hormone
concentrations appear to be independent of mood or
pain sensitivity.

It is intriguing that DYSB participants, whom we
have shown exhibit some phenotypic aspects of chronic
pain, yet are free of chronic pain symptoms, had signif-
icantly greater serum estradiol concentrations than pain-
free control participants. The differences we detected
occurred after ovulation and during the luteal phase, a
time at which estradiol should be decreasing. Previous
studies have found that serum estradiol concentrations
during the luteal phase were higher in women who report
the worst premenstrual symptoms.?'2* The elevated BSI
sub-scores in women with DYSB suggest that they have
more widespread somatic symptoms during the luteal
phase than HC or DYS participants. Because differences
in progesterone and testosterone were not significant,
the increased estradiol in DYSB appears to be specific
and is consistent with prior work in premenstrual syn-
drome.*>**® High levels of estradiol could impact multi-
ple nociceptive circuits. Animal models have shown that
estradiol can increase visceral sensitivity by affecting
pelvic nerves.® " In women undergoing in vitro fertili-
zation, supraphysiological levels of estradiol levels
increase pain ratings with QST, suggesting that estradiol
could affect widespread pain modulation.'® Our prior
finding of impaired conditioned pain modulation in
women with dysmenorrhea and bladder sensitivity is
consistent with the hypothesis that estradiol mediated
alterations in descending modulation may play an
important role in widespread somatic and visceral
sensitivity.?’

Given its role in regulating estradiol, we anticipated
that altered serum SHBG concentrations would be asso-
ciated with menstrual or bladder pain. Although it has
not been established whether women with dysmenorrhea
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Figure |. Bladder urgency, pain, and volume measurements across the groups at cystometric thresholds. Box and whisker plots show
median, 25®"-75" percentiles, range, and outliers. HC = Healthy Control; DYS = Dysmenorrhea only; DYSB = Dysmenorrhea with

Bladder Sensitivity; BPS = Bladder Pain Syndrome.

Table 3. Participants sex steroid and SHBG concentrations.

HC DYS DYSB BPS P value
Progesterone nmol/L 8.3 [1.5, I5.5] 13.2 [3.6, 19.7] 11.7 [1.8, 22.9] 9.7 0.8, 19.1] 0.463
Estradiol pmol/L 404.4 [336.2, 467.2] 4209 [337.5,537.7]  487.4 [389.9, 640.8]°  384.6 [301.1,436.0]  0.054
Testosterone nmol/L 0.5 [0.3, 0.9] 0.4 [0.3, 0.7] 0.6 [0.3, 1.0] 0.3 [0.3, 0.6] 0.183
SHBG nmol/L 55.3 [41.8, 76.4] 60.3 [38.5, 74.8] 57.6 [39.6, 86.5] 83.3 [70.5, 108.0]°  0.050

Note: Data are represented as median [25%, 75™ percentile] or as number (percentage). P values are from Kruskal Wallis tests.

“

Bold numbers and superscript “a” indicate p < 0.05 different than HC after correction for multiple comparisons.

have altered levels of SHBG, a vegan diet can simulta-
neously increase SHBG and reduce menstrual pain.?*
Optimal SHBG balance is relevant for other disease pro-
cesses; prior work has shown that low SHBG is associ-
ated with metabolic dysfunction and inflammation.'”
However, in other studies, elevated SHBG is associated

with adverse pain and psychological outcomes. For
example, elevated serum concentrations of SHBG are
reported in premenstrual syndrome during the luteal
phase.*>*¢ After menopause, increased levels of SHBG
are associated with more painful sex® and depression.?®
Conversely, the use of topical estradiol and testosterone
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in contraceptive induced vestibulodynia is associated
with simultaneous reductions of pain and SHBG.*'The
presence of elevated estradiol in DYSB participants and
SHBG in BPS participants suggests that complex hor-
monal alterations may occur over time due to many
factors. The increased estradiol levels in DYSB could
be due to many potential factors: environmental
toxins, genetic susceptibility, or inflammation.*®
However, the older BPS participants are suffering from
worse pain for a longer period of time than the DYSB
participants and may be undergoing stress-induced
gonadotropic suppression similar to what has been
observed in animal models.*>® Many other factors
could also explain the shift from elevated estradiol to
elevated SHBG. There is tight feedback control between
SHBG and estradiol because SHBG sequesters estradiol,
but required for transport.’’ Within hepatocytes (the
primary source for systemic SHBG), there is a positive
dose response curve between estradiol and increased syn-
thesis of SHBG.>? Previous studies have shown that oral
contraceptives (which include synthetic estrogens) simul-
taneously decrease endogenous estradiol and increase
SHBG levels.”>>* However, there were no significant
group differences in recent usage of hormonal contra-
ceptives. Further studies are needed to establish whether
historical use of prior use or elevated estradiol at an
earlier time point could affect SHBG at a later time
point. It has been hypothesized that increases in
SHBG result in androgen sequestration, increasing
pain sensitivity, but research on the trajectory of

Table 4. Relationships of symptoms and pain sensitivity with cir-
culating estradiol and SHBG.

Parameter Estradiol SHBG
Menstrual pain 0.07 0.03
Somatic symptoms —0.09 0.26"
Anxiety 0.11 0.12

Note: Spearman’s correlation coefficients are reported for key parameters
that differentiate participants with dysmenorrhea and bladder pain sensi-

tivity. Bold numbers and superscript “a” indicate coefficients that are sig-
nificant after correction for multiple comparisons.

Table 5. Relationships between sex steroids, bladder pain, and QST.

estradiol and SHBG over time is needed to clarify
whether increased SHBG is compensatory or contributes
to worsening pain trajectories.>

A handful of small studies have attempted to explore
the relationship between sex steroids and pain sensitivity
explicitly but have obtained different results from our
study. A study of 11 healthy participants®® reported
that the only relationship between pain sensitivity and
sex steroids was estradiol and thermal pain (r=0.33,
p=0.06). Another slightly larger study (n=19) failed
to detect any correlations between sex steroids and ther-
mal sensitivity.”” A more recent study (n=15) using a
comprehensive QST protocol before and after induced
hyperalgesia in healthy participants found a significant
correlation between pinprick pain sensitivity and proges-
terone, but not estradiol. Although one study (n=40)
identified an association between testosterone and ische-
mia tolerance, analyses were restricted to healthy con-
trols.”® Our larger sample size (n = 124) controlling for
chronic pain status allowed for a rigorous evaluation of
the relationship between hormones and pain sensitivity,
particularly in at-risk participants. It is plausible that
prior studies of dysmenorrhea may have had confound-
ing mixtures of both DYS and DYSB participants. As a
result of this mixture of phenotypes, it may be difficult
to compare them directly to determine the impact of
hormones. Indeed, we observed group differences in
sex steroids, but those differences were unrelated to
experimental pain sensitivity results. Rather, alterations
in sex steroids and pain sensitivity appear to represent
two independent components that contribute to pelvic
pain expression.

This study’s key strengths include the experimental
evaluation of pain sensitivity and serum quantification
of multiple sex steroids, while accounting for psycholog-
ical variables and menstrual cycle timing. Future studies
should investigate sex steroids and experimental bladder
pain sensitivity across the menstrual cycle, as our find-
ings are limited to the mid-luteal phase. Also, because
some women had testosterone serum concentrations
below the sensitivity threshold, future studies should
confirm findings with a more sensitive assay. When
estradiol or testosterone is bound SHBG, they are not

Parameter Progesterone Estradiol Testosterone SHBG
Bladder pain first sensation 0.10 —-0.13 0.07 0.25%
Bladder pain first urge —0.01 —0.03 0.11 0.21*
Bladder pain maximum tolerance 0.09 —0.03 0.14 0.12
Body PPT 0.06 —0.05 —0.07 —0.02
Vaginal PPT 0.11 —0.05 —0.13 0.05
Cold pressor —0.01 —0.15 0.15 0.16

Note: Partial correlation coefficients of all measured sex steroids adjusting for age are reported for all bladder and quantitative sensory tests. Bold numbers

R

and superscript “a” indicate significant coefficients (p < 0.05).
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bioactive.”® Because there are group differences in
SHBG, future studies should also specifically analyze
free estradiol and testosterone levels to examine
bioavailability.

Overall, this cross-sectional study shows distinct hor-
monal profiles for dysmenorrhea with bladder pain sen-
sitivity (i.e., DYSB) and BPS. Increased serum estradiol
was associated with subclinical bladder pain, while
increased serum SHBG was associated with more
severe chronic bladder pain. The increased serum estra-
diol concentration supports our hypothesis that DYSB
represents a distinct at-risk phenotype of dysmenorrhea.
More extensive studies and interventions examining
these hormones across time in dysmenorrheic women
could clarify whether increased luteal estradiol or
SHBG conveys additional risk for pelvic afferent sensi-
tivity, and thus, risk of developing chronic pelvic pain.
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