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Abstract: Endometriosis is a common cause of infertility, pelvic pain, and dysmenorrhea and there are prior case reports of lesion detec-
tion using an 18F-fluoroestradiol (FES) tracer with positron emission tomography (PET). We aimed to further investigate the use of the
FES tracer in the context of PET-magnetic resonance (PET-MR) imaging. We administered FES to 6 patients and then imaged them using
a Siemens mMR PET-MR scanner. Each patient was taken to surgery within 30 days after imaging, and surgical visualization served as
the gold-standard for diagnosis. PET did not prove to be as sensitive as MR (50% per-patient sensitivity versus 67% per-patient and 35%
versus 48% per-lesion), and did not show any additional sites over and above MR. When MR was used to localize lesions on PET after
imaging, there was insufficient evidence of an association between total tracer uptake and reported pain intensity (P=0.25). FES PET-MR

offers no additional value to MR for endometriosis.
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Introduction

Endometriosis is a chronic inflammatory disorder that
affects approximately 1 in 10 reproductive-aged women
[1, 2], and is a significant cause of both pelvic pain and
infertility [3]. Endometriosis is diagnosed by the expres-
sion of estrogen-sensitive endometrial-like glands and
stroma outside the uterus. Three clinical phenotypes of
endometriosis have been described: superficial endome-
triotic implants on the peritoneum, endometriomas, and
deeply infiltrating endometriosis (a nodule extending >5
mm beneath the peritoneum). Despite the disease preva-
lence, definitive diagnosis of endometriosis is often sig-
nificantly delayed, with time between onset symptoms
and diagnosis exceeding 5 years globally, and upper esti-
mates 7-10 years [4].

This diagnostic delay in endometriosis is multifaceted.
Endometriosis symptoms frequently overlap with other
pain conditions (i.e. primary dysmenorrhea, irritable bo-
wel syndrome, pelvic floor dysfunction) or simply present
as infertility without significant pain. Imaging is often
used in the investigation of chronic pelvic pain, however
imaging sensitivity for endometriosis varies depending on
the lesion phenotype and size, with early stage disease
often undetectable by non-surgical approaches. There
are also no reliable diagnostic biomarkers in blood or
urine available. At present, visualization and/or histologi-
cal examination of surgically-directed biopsies are the
only usable diagnostic modality for the detection of stage
1 or stage 2 disease. As surgical intervention is associat-

ed with risk, empiric treatments of suspected disease are
frequently utilized in clinical practice [5].

Even more advanced endometriosis and deeply infiltrating
lesions can be difficult to diagnose preoperatively. While
pelvic ultrasonography has the highest sensitivity and
specificity in identifying ovarian endometriomas, it is not
nearly as sensitive at the detection of deeply infiltrative or
peritoneal lesions [2, 4]. Magnetic resonance imaging
(MRI) also has high sensitivity and specificity for identify-
ing ovarian endometriomas, but detection of superficial
peritoneal endometriosis by MRI alone is often unachiev-
able and adequate detection of deep infiltrating endome-
triosis (DIE) by US and/or MRI often requires specific train-
ing and approach. Cross-sectional imaging techniques,
including computed tomography and magnetic resonance
imaging (MRI) have limited utility in identifying endome-
triomas, though MRI has increased sensitivity and speci-
ficity in deeply infiltrative lesions and colonic disease [6].
Diagnostic delay compounded by the inability to identify
and monitor early-stage lesions limits our ability to under-
stand disease pathogenesis and progression as well as
to monitor disease response to current therapeutic inter-
ventions and greatly limits the development of novel
therapeutics.

Positron emission tomography (PET) offers the potential
for a molecular-based imaging for highly specific dia-
gnosis and monitoring of endometriosis. Endometriotic
lesions, including endometriomas, express the estrogen
receptors ERa and ERb, which bind specifically to estro-
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gen and estrogen analogs such as FES [7, 8]. This has
already allowed the tracer to find a clinical role in the diag-
nosis of breast cancer, in finding previously more occult
tumors like invasive lobular carcinoma [9], selecting pa-
tients for hormonal therapies, and assessing status in
difficult-to-biopsy lesions [10]. The objective of our study
was to evaluate the preoperative diagnostic performance
of 18-fluoroestradiol (FES) for detecting endometriosis,
compared to surgical staging and patient symptom
severity.

Materials and methods

We conducted a single-site, prospective pilot study. The
primary end point of the study was the feasibility of PET/
MRI imaging with FES to identify endometriosis lesions
and compared to diagnosis at surgery, the current gold
standard.

Recruitment and surveys

Inclusion criteria were women aged 18-50 with suspected
superficial or peritoneal endometriosis or extragenital DIE
with the need for laparoscopic confirmation/resection as
determined by the minimally invasive gynecologic surgery
team. They also had to have a willingness to undergo
experimental imaging. Exclusion criteria included the use
of hormone treatments (combined oral contraceptives,
progestins, gonadotropin releasing hormone analogs) for
at least two cycles, or pregnancy/breastfeeding. Demo-
graphics were abstracted from the electronic medical
record and patients completed the Endometriosis Health
Profile-30 (EHP-30) [11]. A pain numeric rating scale (NRS)
was collected and information about the last menstrual
period were also obtained. Patients underwent FES PET/
MRI (positron emission tomography/magnetic resonance
imaging) within 30 days of the scheduled surgery and
the surgical team was blinded to the imaging findings.
Immediately postoperatively the surgeon completed the
revised American Society for Reproductive Medicine
(ASRM) classification of endometriosis form [12, 13].
Postoperatively, the imaging findings were compared to
surgical staging and histopathologic specimens.

Imaging

PET images were obtained at 30 and 90 minutes after
injection of 6 mCi of F-18 FES. Images were reconstructed
to a 172x172 matrix at 4.2x4.2x4.2 cm using the order-
ed subset expectation maximization (OSEM) method at 3
iterations and 21 subsets.

MRI sequences included pelvic Half-Fourier Acquisition
Single-Shot Turbo Spin Echo (HASTE) coronal, sagittal,
and axial, HASTE axial Spectral Attenuated Inversion
Recovery (SPAIR), pelvic T2-weighted high-resolution
small-field-of-view sagittal, axial, and coronal, pelvic diffu-
sion-weighted, pelvic T1 Volumetric Interpolated Breath-
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Hold (VIBE) fat-saturated axial, repeat pelvic HASTE coro-
nal and axial fat-saturated, abdominal HASTE coronal,
abdominal T4 VIBE coronal, pelvic T1 VIBE coronal, axial
T1 VIBE fat-sat, axial T1 VIBE in and out of phase, and
abdominal HASTE axial fat-saturated.

PET and MRI were interpreted separately by specialists in
nuclear and abdominal imaging, respectively. A subse-
quent ‘second pass’ review of the imaging was performed
to identify the SUVmax (the hottest pixel, a standard mea-
sure of intensity on PET) on the PET at the location of the
MRI lesion even in the absence of a visible PET lesion,
specifically on the T1 fat-saturated axial sequence.
Images and lesions are available in the Supplementary
Materials. To identify if lesion intensity had any relation-
ship with symptoms, the maximum SUVmax (presumably
representing the most aggressive lesion), or hottest
lesion, and the average SUVmax (representing the aver-
age intensity, to avoid effects from the number of lesions)
were correlated (using a standard Pearson correlation
coefficient) with overall 30-symptom inventory, pain inten-
sity, work symptoms, and sexual symptoms.

During the surgical procedure, the abdomen and pelvis
were visually inspected using direct laparoscopic visual-
ization. The surgeon methodically evaluated the repro-
ductive organs, and all suspected areas were classified
as either superficial peritoneal endometriosis or deep
infiltrating endometriosis and with their anatomic location
in the surgical record and completion of the ASRM endo-
metriosis staging classification. This scoring was per-
formed blinded to the PET and MRI results.

Statistics

Sensitivity, specificity, positive predictive value (PPV),
negative predictive value (NPV), and overall accuracy
were calculated for each imaging modality (MR or PET),
both per-patient and per-lesion.

On a per-patient basis, sensitivity was defined as the
number of patients who had endometriosis correctly iden-
tified on the modality in question (true positives), divided
by the total number of patients who had endometriosis
(true positives plus false negatives). PPV was defined as
the number of patients who had endometriosis correctly
identified on the scan (true positives), over the total num-
ber of patients with endometriosis identified on the scan.
Specificity (true negatives over true negatives plus false
positives) is undefined as there were no true negatives or
false positives (all patients had endometriosis), but NPV
(true negatives over true negatives plus false negatives)
was zero as false negatives existed. Accuracy was equal
to sensitivity as all patients had endometriosis. On a per-
lesion basis, detection rate was defined as the percent-
age of all lesions found at surgery by either MR or PET.

To gain a reasonable estimate of specificity in a case
where no patients completely lacked disease and each
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part of the American Society of Re-
productive Medicine (ASRM) endometrio-
sis scoring system: right ovary, left ovary,
posterior cul-de-sac, and remainder of
the peritoneum.

On a per-lesion basis, sensitivity was
defined as the number of correctly identi-
fied endometriotic lesions on the imaging
modality (true positives) divided by the
total number of endometriotic lesions at
surgery (true positives + false negatives).
Specificity was defined as the number of
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Figure 2. Maximum intensity projection of Patient 6, with tracer
in bowel (brown arrows), liver (purple arrow), common bile duct
(dark green arrow), gallbladder (light green arrow), and bladder
(yellow arrow). Note intense bowel activity.

lesion could be in a different location in the peritoneum, a
by-region approach was taken, using the regions given as
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n=6 Figure 1. A flowchart of patient

number of lesions identified at imaging
and confirmed at surgery (true positives)
divided by the total number of lesions
identified at imaging (true positives +
false positives); with no false positives
this would be 100%. NPV was calculated
as the number of true negatives divided
by the number of negative results (true negatives + false
negatives); again with multiple false negatives but no true
negatives this is simply O. Accuracy was calculated as the
number of true positives plus true negatives (total correct
number) divided by the total number of lesions studied.
Sensitivity and accuracy by-patient and detection rate by-
lesion were compared using McNemar’s test. Statistical
calculations were performed using SAS, Version 9.4.

To evaluate whether SUVmax is associated with the
30-point pain inventory scale, we implemented a mixed
effects linear model. SUVmax was regressed on pain
score, controlling for BMI and age. We included a random
intercept term to account for within-patient correlations.
A p-value of <0.05 for the pain inventory parameter
estimate was considered evidence of an association.
We also did a simple linear correlation with total lesion
tracer uptake for the patient as a whole (as an index of
disease burden). This study was approved by the Univer-
sity of North Carolina Institutional Review Board, IRB #
20-0328.

Results

41 patients were approached. Of these, 16 declined to
participate, 10 failed various screens (most commonly
being on birth control medications, but other exclusions
such as metallic items in hips and becoming pregnant
were also seen), and 7 were eligible but could not be
scheduled, most commonly due to surgery being too
soon or the cyclotron being unavailable due to mainte-
nance. A final total of eight patients with symptomatic
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Figure 3. Patient 1. Mild diffuse uptake in endometriomas (yellow and blue outline).
Uptake is lower than nearby bowel, complicating evaluation.

endometriosis were enrolled between August 2020 and
July 2022 (Figure 1). Six of the patients completed the
pilot protocol, with two unable to be scanned due to diffi-
culties with tracer synthesis. Patients were of childbear-
ing age between 27 and 49 years old (median age =32
years). Three patients had stage I/ll and 3 had lll/IV endo-
metriosis according to the revised ASRM classification.

An example of a maximum intensity projection image of
the abdomen and pelvis (the only area scanned) is given
in Figure 2, showing the uptake in the bowel. Imaging
findings by PET, MRI, and surgical findings are reported
in Tables 1 and 2. Table 3 gives sensitivity and NPV by-
patient and by-region, as well as detection rate by-lesion
(and PPV, which was always 100% as no patients were
negative). Of note, the specificity of either MR or PET
alone was 100%, but the sensitivity of MR appeared
superior to that of PET alone, though this was not signifi-
cant (P=0.317) on a per-patient or (P=0.242) on a per-
region or per-lesion basis. The visible lesions appeared to
be the larger cystic and DIE lesions, while the peritoneal
lesions were not localized by either PET or MR. There was
no lesion visible on PET that was not also identified on
MR.

We also examined the data for correlation between tra-
cer uptake and symptoms. Table 4 shows the values of
SUVmax and EHP-30 findings. In general, the results sug-
gested a relationship between lesion avidity for the tracer
and symptoms. Patients 1 (Figure 3) and 6 (Figure 4) had
the most avid lesions and the worst symptoms, whereas
patient 5 had a large volume of disease at surgery but
relatively mild symptoms and relatively low uptake.
Patients 2 and 8 had relatively mild symptoms, imaging
findings, and ultimately less disease. Patient 3 was some-
thing of an outlier, with extensive disease not noted on
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MR or PET. The mixed-effects linear
model suggested no association bet-
ween higher pain scores and higher
SUVmayx, but there was at least some
weak linear association between total
lesion tracer uptake and pain score
(P=0.25).

Discussion

The PET/MR imaging of suspected endo-
metriosis lesions was highly specific
compared to the surgical findings, how-
ever, relatively low sensitivity for both
modalities (on both per-patient and per-
lesion basis), with no significant diagnos-
tic improvement over existing technolo-
gy. PET was less sensitive than MR (50%
vs 67% by-patient and 35% vs 48%
detection rate by-lesion), and demon-
strated no additional lesions. In our pilot
study, we did not find that the addition of
PET imaging (with or without comparison with MRI) pro-
vides greater diagnostic benefit over MRI.

Additionally, some lesions, not identifiable prospectively
on PET, were retrospectively identifiable using MRI; many
of these had SUVmax below the usual cutoff of 2.5 used
for malignancy, and in any case would not be likely to be
identifiable without MRI. We also found that many smaller
lesions (<1 cm) were not detectable at all. This is already
a known limitation in MRI, where superficial disease,
characteristic of stage 1 and 2, and DIE lesions <1 cm are
not routinely visualized on imaging. While nuclear medi-
cine scans can detect cancer lesions too small to find by
MRI or CT (specifically lymph nodes under 1 cm), this was
not seen in our study of endometriosis lesions using FES
tracer.

The limitations of the present study include the small
sample size. Challenges in recruitment were noted as
patients were required to be off hormone therapy for
greater than two cycles prior to imaging. We were under-
powered to detect an association between SUVmax and
pain as well as to formally compare performance mea-
sures by modality. A possible future avenue of investiga-
tion might be imaging after diuresis; this was difficult to
consent patients for, but might be a possibility if patients
are willing.

Some of the reason for the low sensitivity may be due to
differences in isoforms of the estrogen receptor. There
are two forms of the receptor, alpha and beta, and both
eutopic endometrium and endometriosis show higher lev-
els of mRNA for alpha than beta [14]; also, the affinity of
18F-FES is 6.3 times higher for the alpha than for the
beta receptor [15]. However, the ER-alpha: ER-beta ratio
is lower in endometriomas than it is in eutopic endome-
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Table 1. Findings by PET and MR compared to surgery

Pt MR PET (first pass)

Surgical

1 L endometrioma (2.4); Neg
post cul-de-sac (2);
R endometrioma (5.2)

2 Pararectal deposit (4.3) Post cul-de-sac (pararectal)
3 Neg Neg
5 Endometrioma (1) Adnexa
Ant cul-de-sac x2 (0.9, 2) Ant cul-de-sac
6 Adenomyosis (5.1); Adenomyosis;
Endometrioma (4.3); Post serosal margin of uterus;

Post serosal margin of uterus (2.4) L adnexa;
hematosalpinx

8 Neg Neg

Ant cul-de-sac at border of L bladder peritoneum;

Deep infiltrating endometriosis peritoneum along b/I uterosacral ligs;
R endometrioma w/dense adhesions;

L endometrioma w/dense adhesions;

Post cul-de-sac partial obliteration

Along anterior sigmoid colon w/att to L pelvic sidewall;
L pararectal space

Appendix;

Ant cul-de-sac peritoneum;

L ant pelvic peritoneum;

R ant pelvic sidewall peritoneum;

L uterosacral ligament

R endometrioma;

R-sided diaphragmatic studding;

L allen-masterson window of ant cul-de-sac

Adenomyosis;

L endometrioma;

L pelvic sidewall peritoneum;

Post cul-de-sac obliteration;

Gunpowder lesions across ant cul-de-sac, bladder, pelvic sidewall

Mild inflammatory lesions uterus

Patients 4 and 7 could not be imaged due to difficulties with tracer synthesis. SUVmax of lesions identified on MRl is given in parentheses; note that some lesions were not
visible until reexamination on ‘second pass’. Hematosalpinx was ignored as it is not normally detectable by surgery without incising the tube. Gunpowder lesions on patient

6 were counted as 1 finding.

Table 2. Surgical and ASRM scores

Pt  Surgical

ASRM score

1 Ant cul-de-sac at border of L bladder peritoneum;

Peritoneum, superf + deep (4+6)

Deep infiltrating endometriosis peritoneum along b/| uterosacral ligs; R ovary, deep (16) + dense adhesions (4)

R endometrioma w/dense adhesions;
L endometrioma w/dense adhesions;
Post cul-de-sac partial obliteration
2 Along anterior sigmoid colon w/att to L pelvic sidewall;
L pararectal space
3 Appendix;
Ant cul-de-sac peritoneum;
L ant pelvic peritoneum;
R ant pelvic sidewall peritoneum;
L uterosacral ligament
5 R endometrioma;
R-sided diaphragmatic studding;
L allen-masterson window of ant cul-de-sac

6 Adenomyosis;
L endometrioma;
L pelvic sidewall peritoneum;
Post cul-de-sac obliteration;

L ovary, deep (16) + dense adhesions (4)
Posterior cul-de-sac obliteration (4)

Peritoneum, deep (4)

Peritoneum, superf + deep (4+6)

Peritoneum, superf + deep (4+4)

R ovary, deep (20) + filmy adhesions (1)

L ovary, superf (1) + filmy adhesions (1)

R tube, filmy adhesions (1)

Peritoneum, superf + deep (4+4)

L ovary superf + deep (2+20) + dense adhesions (8)
R ovary dense adhesions (8)

Post cul-de-sac (4)

Gunpowder lesions across ant cul-de-sac, bladder, pelvic sidewall

8 Mild inflammatory lesions uterus

Peritoneum, superf (1)

trium (5.2 versus 15.5) [16]. Given that the uptake of
FES in endometriosis appears to be lower than that in
eutopic endometrium, and uptake is relatively low com-
pared to the liver, biliary system, bowel, and bladder as
shown below, this might explain the relatively low levels
of uptake. Thus, a future area of research might be the
use of an FES ligand specialized for the ER-beta re-
ceptor.
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Major strengths of the study are its prospective approa-
ch, the surgical experience of the team, and the study tak-
ing place at a single institution with a standardized clini-
cal approach to the evaluation of endometriosis.

Conclusions

FES-PET does not show any significant ability to detect
specific deposits of endometriosis over and above MRI;
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Table 3. Sensitivity by-patient and by-region, detection rate by-lesion, PPV, and NPV by-patient and by-region

Modality Sensitivity, by-patient  Sensitivity, by-region Detection rate, by-lesion PPV NPV, by-patient NPV, by-region
MR 67% (4/6) 67% (8/12) 48% (11/23) 100 0 80% (12/15)
PET 50% (3/6) 41% (5/12) 35% (8/23) 100 0 61% (11/18)

Table 4. Overall endometriosis health profile 30-point symptom inventory, with pain description, work symptom inven-

tory, and sex symptom inventory

Patient BMI Age SUVmax of  Total tracer 30-p9int symptom Pain description Wo.rk symptom ng symptom
lesions uptake inventory inventory inventory

1 26.3 31.7 5.2,2.4,2 21.66 83 68 13 4

2 34 49.2 4.3 0.75 15 10 n/a 7

3 20.4 38.3 0 0 63 0 8 11

5 25.8 29.3 1,0.9,2 8.75 23 1 0 n/a

6 29 43.7 5.1,4.3,24 50.36 64 1 9 n/a

8 31.6 30.2 0 0 20 1 0 4

Figure 4. Patient 6. Diffuse low-level uptake in adenomyotic lesions (outlined in yel-
low) and large endometrioma (outlined in purple). Heterogeneous uptake does not
clearly correlate to adenomyotic lesions, although the spatial resolution of PET is
likely insufficient to evaluate this.

there is a correlation with pain intensity, but this does not
reach the level of significance.
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Supplementary Materials

Patient 1

Clockwise from top left: T1 (fat-saturated), PET, T2 (high-resolution), and T1 fused images of right endometrioma (red
arrow), left endometrioma (blue arrow), and posterior cul-de-sac deposit (green arrow). Note that due to differences in
technique between T1 and T2 acquisitions, the posterior cul-de-sac deposit is only seen on the T2; it is demonstrated on
the other sequences below.

on e 2]
-
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Left to right: T1 (fat-saturated), T1 fused, and PET images of posterior cul-de-sac deposit (green arrow).
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Patient 2

Clockwise from top-left: T1 (fat-saturated), PET, T2 (fat-saturated), and T1 fused images of the endometriotic deposit (red
arrow).
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Patient 5

T
Lt

Clockwise from top left: T1 (fat-saturated), PET, T2 (high-resolution), and T1 fused images of right endometrioma (red
arrow) and large anterior cul-de-sac deposit (blue arrow).
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Clockwise from top left: T1 (fat-saturated), PET, T2 (high-resolution), and T1 fused images of right endometrioma (red
arrow) and small anterior cul-de-sac deposit (green arrow).

Patient 6

Clockwise from top left: T1 (fat-saturated), PET, T2 (high-resolution), and T1 fused images of left endometrioma (red arrow)
and adenomyotic uterus (yellow arrow).
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Clockwise from top left: T1 (fat-saturated), PET, T2 (high-resolution), and T1 fused images of posterior cul-de-sac deposit
(blue arrow).

Patients 3 and 8 have no visible lesions on PET, as previously discussed. Patients 4 and 7 could not be scanned.



