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Abstract

Transvaginal ultrasound (TVUS) and MRI are currently two mainstream imaging techniques used to diagnose deep
endometriosis (DE) with comparable accuracy, but there is still ample room for improvement. As endometriotic lesions
progress to fibrosis concomitant with the increase in tissue stiffness, transvaginal elastosonography (TVESG) is well-
suited for diagnosing DE. To test the hypothesis that lesional stiffness as measured by TVESG correlates with the extent of
lesional fibrosis, the markers of progression, hormonal receptor expression, and vascularity, we recruited 30 patients
suspected to have DE who went through pelvic examination, TVUS and/or MRI, and TVESG and were ultimately
diagnosed by histology. Their lesional tissue samples were subjected to immunohistochemistry analysis of markers for
epithelial-mesenchymal transition (EMT), fibroblast-to-myofibroblast transdifferentiation (FMT), estrogen and progester-
one receptors (ER3 and PR), microvessel density (MVD), and vascularity, as well as quantification of lesional fibrosis. We
found that pelvic examination, TVUS, and MRI detected 83.3%, 66.7%, and 83.3% of all DE cases, respectively, while
TVESG detected them all. The lesions missed by pelvic exam, TVUS and MRI were significantly smaller than those
detected but nonetheless had higher lesional stiffness. Lesional stiffness correlated closely and positively with the extent of
lesional fibrosis, negatively with the markers of EMT, MVD, vascularity, and PR expression, but positively with the
marker for FMT and ER[3. Thus, through the additional use of information on differential stiffness between DE lesions
and their surrounding tissues, TVESG improves diagnostic accuracy, provides a ballpark estimate on the developmental
stage of the lesions, and may help clinicians choose the best treatment modality.
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endometriosis [1]. Although the prevalence of DE is much
lower than that of ovarian endometriomas (OE) [2, 3], most
women with DE have severe pain [3]. As such, DE is recog-
nized as the most severe clinical form of endometriosis with
challenging clinical management [4].

Currently, transvaginal ultrasound (TVUS) and magnetic res-
onance imaging (MRI) are two mainstream imaging modalities
used to diagnose DE [5, 6]. The imaging techniques can map the
locations of DE lesions and help triage patients before surgery.
Due to its lower cost than MR, its ubiquity and the ease of use,
TVUS is now the first-line imaging technique in the workup for
women with pelvic pain and suspected endometriosis [6, 7], with
comparable diagnostic accuracy as that of MRI [8-14].
However, there is still ample room for improvement [6, 15].
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DE lesions are fundamentally wounds undergoing repeated
tissue injury and repair (ReTIAR), progressing to fibrosis
through epithelial-mesenchymal transition (EMT),
fibroblast-to-myofibroblast transdifferentiation (FMT), and
smooth muscle metaplasia (SMM) [16-21]. These new find-
ings explain quite nicely the increased nerve fiber density [22,
23] and fibromuscular content [24, 25] in DE lesions. As in
adenomyotic lesions, the extent of fibrosis in DE lesions
should correlate with lesional stiffness, which contains infor-
mation inherently embedded within the lesions, revealing just
how advanced the lesion is. Unfortunately, neither conven-
tional TVUS nor MRI can evaluate this quantity.

Yet lesional stiffness can be measured by elastography,
which is a recently emerged new imaging technology that
generates images of tissue stiffness, mainly by ultrasound
(elastosonography or ESG). MRI-based elastography also
is on the horizon and will be available in the future. Similar
to the ancient technique of palpation, ESG can measure the
stiffness of the tissues of interest with better spatial local-
ization information [26]. Currently, there are roughly two
different types of ESG: strain imaging and shear-wave im-
aging [26]. Both types require mechanical excitation, akin
to palpation. Strain ESG measures the tissue deformation
or displacement generated by applying pressure (as an ex-
citation) with a probe, while shear-wave ESG records the
propagation of shear-waves after excitation [27, 28]. In
many commercial ESGs, the tissue stiffness is displayed
in false-color image, often side by side with the B-mode
image, which greatly facilitates the interpretation of imag-
ing results.

In fact, ESG has been proven invaluable to access the ex-
tent of fibrosis in liver and to diagnose tumors of the breast
and other organs [28, 29]. ESG also has been used in diagnos-
ing endometriosis, including DE [30-35]. While all these
studies demonstrated the potentials of ESG in diagnosing
DE, very little is known as whether the lesional stiffness has
anything to do with the lesional histology.

We have recently used TVESG to diagnose adenomyosis
and found it to be superior to conventional TVUS [36].
More remarkably, we found that lesional stiffness corre-
lates positively with uterine size and the extent of fibrosis
but negatively with E-cadherin and progesterone receptor
(PR) expression levels in lesions [36]. Since adenomyotic
lesions are also wounds undergoing ReTTAR [37, 38] just
like endometriotic lesions [39], we hypothesized that DE
lesions can also be diagnosed with TVESG with more
accuracy. In addition, given the relationship between the
extent of lesional fibrosis and hormonal receptor expres-
sion levels, the thoroughness of EMT, FMT, and the vas-
cularity [40], we hypothesized that the lesional stiffness as
measured by TVESG also should correlate with these pa-
rameters. This study was undertaken to test these
hypotheses.
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Materials and Methods
Patients and Specimen

Thirty premenopausal patients who visited Shanghai Obstetrics
& Gynecology Hospital from March to September, 2018, and
were ultimately diagnosed and histologically confirmed with
DE were recruited. All of them underwent DE lesion excision
surgery and those who also had OE and/or adenomyosis
underwent ovarian cystectomy and/or hysterectomy as well ac-
cording to patients’ wishes and the indications. To rule out the
possible effect of hormonal treatment on diagnostic accuracy,
we deliberately excluded patients who had taken hormonal treat-
ment prior to the surgery. Therefore, none of the recruited pa-
tients received any hormonal treatment 3 months prior to the
surgery. This study was approved by the Institutional Ethics
Review board of Shanghai Obstetrics & Gynecology Hospital,
Fudan University.

All patients were evaluated firstly by history taking and
pelvic examination (trimanual examination and digital rectal
examination) by an experienced gynecologist (XSL) and then
by examination with TVUS using “sliding signs” and, in 24
cases (80%), MRI. Patients who had been detected by TVUS
or MRI to have the deep lesion and those whose did not but
were highly suspected with DE by symptoms and pelvic ex-
amination were all arranged to undergo TVESG evaluation
before surgery. A shear-wave TVESG (Supersonic Aixplorer
Multiwave, Supersonic Imagine, Aix-en-Provence, France)
was performed for all patients before surgery to measure the
lesional stiffness of deep nodules. For all 30 patients recruited
to this study, only two senior experienced ultrasound physi-
cians were involved in doing both TVUS and TVESG. For
TVESG evaluation, they performed B-mode TVUS before
shifting to elastography mode to evaluate tissue stiffness in
regions of interest (ROI).

The size of DE lesion was measured by ultrasound. During
TVESG examination, a ROI was set in the typical lesional
arca of the deep nodule, and its stiffness value, in kilo
Pascals or kPa, for the designated ROI was measured thrice,
and the mean value was used. If the patient had two DE le-
sions at different locations, their stiffness values were mea-
sured and recorded for both lesions. In some cases, the stiff-
ness values of the uterine corpus or the cervix were also mea-
sured in order to obtain a contrast between different tissues.

Among the recruited DE patients, 2 had two different sites
of the deep lesions, and 2 patients had two different types of
lesions (cystic and fibrotic). All DE lesions were detected by
TVESG and were confirmed during operation. All lesional
tissue samples were collected during operation, yielding 34
lesion samples in total. They were fixed with 10% formalin
and paraffin-embedded for analyses.

For all patients, their demographic and clinical information
was collected and recorded. This included age, gravidity,
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parity, length of menstrual cycles, date of the last menstrua-
tion, the date of surgery, verbal descriptor rating (none, mild,
moderate, and severe) and visual analog scale (VAS) on dys-
menorrhea, site of lesions, rASRM scores and staging during
surgery, and pathological reports.

Immunohistochemistry and Masson Trichrome
Staining

Serial 4-mm sections were made from each tissue block, with
the first resultant slide stained for hematoxylin and eosin
(H&E) to confirm the pathologic diagnosis.

Immunohistochemistry staining of E-cadherin, o« smooth
muscle actin, estrogen receptor 3 (ERf3), PR, CD31, and
von Willebrand Factor (VWF) was performed for all DE tissue
samples. Routine deparaffinization and rehydration proce-
dures were performed. For antigen retrieval, the slides were
heated at 98 °C in a citric acid buffer (pH 6.0) for a total of
30 min and cooled naturally to room temperature. Sections
were then incubated with the E-cadherin primary antibody
(1:400; CST, MA, USA), «-SMA (1:100; Abcam,
Cambridge, England), ER3 (1:50; Abcam), PR (1:100;
Abcam), CD31 (1:200; Abcam), or vWF (1:500; Abcam)
overnight at 4 °C. After slides were rinsed, the horse radish
peroxidase (HRP)-labeled secondary anti-rabbit/mouse anti-
body detection reagent (Shanghai Sun BioTech Company)
was incubated for 30 min at room temperature. The bound
antibody complexes were stained for about 1-2 min or until
appropriate for microscopic examination with diaminobenzi-
dine and then counterstained with hematoxylin (30 s) and
mounted.

The positive staining was evaluated using a semiquantita-
tive scoring system, as reported previously [41]. Briefly, the
number and intensity of positive cells were counted using
Image-Pro Plus 6.0 (Media Cybernetics Inc., Bethesda, MD,
USA). A series of 3 to 5 randomly selected images on several
sections were taken under X400 microscopic magnification to
obtain a mean value. Immunohistochemical parameters
assessed in the area detected included (a) integrated optical
density (IOD); (b) total stained area (S); and (c) mean optical
density (MOD), which is defined as MOD =10D/S, equiva-
lent to the intensity of stain in all positive cells [36]. CD31-
labeled microvessel density (MVD) was counted under X200
microscopic magnification. Human invasive breast cancer,
uterine fibroids, and adenomyosis tissue samples were used
as positive controls. For negative controls, OE tissue samples
were incubated with rabbit or mouse serum instead of primary
antibodies (Supplementary Fig. S1).

Masson trichrome staining was used to detect collagen fi-
bers in tissue samples and to quantify the extent of lesional
fibrosis as previously reported [42]. The detailed description
of the procedure can be found in the Supplementary
Information.

Statistical Analysis

The comparison of distributions of continuous variables be-
tween or among two or more groups was made using the
Wilcoxon and Kruskal tests, respectively. Pearson’s or
Spearman’s rank correlation coefficient was used when eval-
uating correlations between two variables when both variables
were continuous or when at least one variable was ordinal. To
evaluate which factors were associated with the tissue stiff-
ness, multiple linear regression analysis was used.
Jonckheere-Terpstra test was used to see whether there is trend
among different severity groups.

P values of < 0.05 were considered statistically significant.
All computations were made with R version 3.5.1 (www.r-
project.org).

Results

The characteristics of patients recruited for this study are listed
in Table 1. Multiple linear regression analysis incorporating
age, parity, the co-occurrence with OE, adenomyosis, and/or
uterine fibroids indicated that age and the presence of
adenomyosis and/or uterine fibroids are positively associated
with the uterine size (all 3 p’s<0.019, R’ =0.60).

The pelvic examination failed to detect 5 cases of DE, and
among them, 2 lesions were at the pouch of Douglas (sizes =
1.0 and 2.0 cm, respectively), 1 each on the sacral ligament
(size=2 cm), bladder (lesion size = 1.8 c¢m), and the ureter
(lesion size =2.5 cm), yielding a total detection rate of
83.3%. The mean lesion size of the 5 cases missed by pelvic
exam was significantly smaller than the 25 cases that were
detected (1.86+0.55 cm versus 3.11 £1.15; p=0.015;
Fig. 1A). TVUS detected 20 (66.7%) cases out of 30.
Among 24 of them who also received MRI examination, 20
(83.3%) were detected to have DE lesions. Similar to the pel-
vic examination, larger DE lesions were more likely to be
detected by TVUS (p=0.0003; Fig. 1B) and MRI (p=
0.036; Fig. 1C). Yet all DE cases that could not be diagnosed
by TVUS or MRI were correctly diagnosed by TVESG.
Irrespective of detection method or their combination, the
DE lesions that evaded the detection were those small ones
(Fig. 1A—C; Supplementary Fig. S2A).

Overall, TVESG provided a clear view of lesional stiffness
and gave absolute stiffness values in kPa. For the 34 tissue
samples, the mean lesional stiffness ranged from 40.9 to
295.1 kPa, averaging 134.7 kPa, with a median of
123.0 kPa. To be more inclusive and perhaps also more ob-
jective, we used all 34 DE lesions from the 30 patients when-
ever possible. There was no apparent relationship between the
location of DE lesions and their stiffness, in part due to the
small sample sizes in certain location categories. No relation-
ship between the lesion size and lesional stiffness was found
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Table 1 Characteristics of recruited patients with deep endometriosis

for this study

Variable

Patient characteristics (7 = 30)

Age (in years)

Mean=38.2 (SD=6.1)

Median = 38.5 range = 23-47

Menstrual phase
Proliferative 11 (36.7%)
Secretory 19 (63.3%)
Parity
0 5 (16.7%)
1 21 (70.0%)
>2 4 (13.3%)
Severity of dysmenorrhea

(VDR)
None 0 (0.0%)
Mild 8 (26.7%)
Moderate 8 (26.7%)
Severe 14 (46.7%)

Scores of visual analog
scale (VAS) on

Mean=6.3 (SD=3.4)
Median = 7 range = 3-9

dysmenorrhea
Comorbidity
None 6 (20.0%)
Ovarian endometrioma 8 (26.7%)
Adenomyosis 4 (13.3%)
Ovarian endometrioma 12 (40.0%)
& adenomyosis
Sites of the lesions
Pouch of Douglas 12 (40%)
Sacral ligament 3 (10%)
Rectovaginal 10 (33.3%)
Rectovaginal and 1(3.3%)
vaginal fornix
Pouch of Douglas and 1 (3.3%)
vaginal fornix
Ureter 2 (6.7%)
Bladder 1(3.3%)
rASRM staging
1 (score 1-5) 0 (0.0%)
1I (score 6-15) 1 (3.3%)
11 (score 16-40) 2 (6.7%)
IV (score> 40) 27 (90%)
Co-occurrence of
uterine fibroids
No 16 (53.3%)

Uterine size (cm®)

Mean=91.8 (S.D.=53.5)

Median = 73.5, range =20.6-223.7
(1 case missing, due to previous

subtotal hysterectomy)

Abbreviations used: YASRM Revised American Society of Reproductive
Medicine Classification system; SD standard deviation; VDR verbal de-

scriptor rating

(r=—0.06, p=0.87). The severity of dysmenorrhea was not
correlated with lesional stiffness nor with the lesion size
(Spearman’s r ranged from 0.05 to 0.20, all p’s>0.26).
However, the severity of dysmenorrhea was associated with

@ Springer

the uterine size (Spearman’s r=0.42, p = 0.022 for VDR, and
r=0.41, p=0.026 for VAS, respectively).

While the difference in lesional stiffness between DE cases
who were missed and detected by pelvic examination, TVUS
or MRI did not reach statistical significance (all p’s > 0.14; Fig.
ID-F), it is likely due to the lack of statistical power as the
number of DE cases that were missed by pelvic examination,
TVUS, or MRI were 5, 10, and 4, respectively. Indeed, their
lesional stiffness appeared to be higher than those that were
detected, although the difference did not reach statistical signif-
icance (Fig. 1D-F). In fact, regardless of the detection method
or their combinations, the DE lesions that evaded the detection
on average had higher stiffness than those that did not
(Supplementary Fig. S2B). Since all of them were detected by
TVESG, this seems to suggest that the use of information on
lesional stiffness helped TVESG to make the correct diagnosis.

We arbitrarily set a cut-off of 100 kPa and divided 34 sam-
ples into the low or high lesional stiffness group depending on
the lesional stiffness < or = 100 kPa. For the low-stiffness
group, the lesional stiffness ranged from 40.9 to 98.2 kPa,
with a median of 66.1 kPa. In contrast, it ranged from 105.4
t0 295.1 kPa, with a median of 156.5 kPa, in the high-stiffness
group. Among the 34 lesion samples, 4 (11.8%), 7 (20.6%),
and 12 (35.3%) of them had stiffness values less than 50 kPa,
80 kPa, and 100 kPa, respectively, suggesting that there is a
sizable portion of DE lesions are “soft” or still not progressed
to “old” lesions.

We next evaluated the relationship, if any, between the
lesional stiffness and the extent of lesional fibrosis and the
lesional expression levels of E-cadherin (a marker of EMT,
scored in the epithelial component only), x-SMA (a marker
for FMT, scored in the stromal component only), and hormon-
al receptors ER3 and PR and also the CD31-positive MVD
and the density of more mature blood vessels (VWF-positive)
in DE lesions.

We found that E-cadherin staining was seen in glandular
epithelial cells of the ectopic endometrium and was localized
in the cell membrane. «-SMA staining was seen primarily in
the stroma of lesions. ER[3 staining was seen mostly in glan-
dular epithelial cells and stromal cells as well of the ectopic
endometrium and was localized in the nuclei and cytoplasm.
PR staining was seen in the nuclei of both stromal and glan-
dular epithelial cells of the ectopic endometrium (Fig. 2).
Consistent with what have been reported, most DE lesions
exhibited extensive fibromuscular content (Fig. 3). We con-
trast the immunohistochemistry and histochemistry results in
lesions with low and high lesional stiffness in Figs. 2 and 3,
which show striking difference between the two groups.

We found that there was a highly statistically significant
difference in lesional staining of E-cadherin, x-SMA, ERf3,
and PR, as well as the extent of fibrosis, MVD and vascular
density between the low- and high-stiffness groups (all p’s <
0.0002; Fig. 4).
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Given the divergent staining patterns between the low-
and high-stiffness groups, we next tried to find the relation-
ship, if any, between lesional stiffness and lesional histology.
We found that the mean lesional stiffness correlated closely
with the extent of lesional fibrosis, as determined by the
Masson trichrome staining (r=0.89, p=3.4 x 10" '%;
Fig. 5A).Italso correlated negatively with the staining levels
of E-cadherin and of PR (r=—0.91, p=7.0 x 107" andr=
-0.92,p=7.6 % 1071, respectively; Fig. 5B,E), butpositive-
ly with the staining levels of x-SMA and of ER(3 (r=10.84,
p=4.9x10"° and r=0.89, p=3.3x 102, respectively;
Fig. 5C,D).

Since the ratio of the extent of fibrosis versus the PR expres-
sion levels may indicate how responsive the lesion would be to
hormonal treatment, we also plotted the lesional stiffness against
the ratio and found that the two variables were highly correlated
(r=093, p=12x 10715, Fig. 5F). The mean lesional stiffness
also correlated negatively with lesional MVD as well as the
vascular density (r=—0.89, p=2.1x 10712, and r=—0.91,
p=15x10""3, respectively; Fig. 5G, H). Using the maximum
lesional stiffness instead of the mean lesional stiffness yielded
nearly identical results (data not shown).

Multiple linear regression incorporating age, parity, men-
strual phase, co-occurrence with OE, uterine fibroids, and/or
adenomyosis, lesion size, extent of lesional fibrosis, ERf3

TVUS exam

Positive Negative Positive

MRl exam

TVUS (B) and MRI (C). Lesional stiffness per TVESG by positivity of
pelvic examination (D), TVUS (E), and MRI (F). Symbols of statistical
significance: *: p <0.05; ***: p <0.001; NS: p>0.05

staining levels, MVD, and vWF-positive vascularity as co-
variables indicated that the extent of lesional fibrosis and
ERf staining levels were positively, while the lesional vascu-
larity and being the rectovaginal location were negatively,
associated with the lesional stiffness (all p values<0.023,
R’=0.91). That is, age, parity, lesion size, and the co-
occurrence of OE, adenomyosis, and/or fibroids did not sig-
nificantly influence the lesional stiffness, but the extent of
lesional fibrosis and lesional ERf3 staining levels were posi-
tively, while the lesional vascularity and being the
rectovaginal location were negatively, associated with the
lesional stiffness.

Within DE lesions, the extent of fibrosis correlated negatively
with the E-cadherin and PR staining levels (r=—0.84, p=5.1 x
107", and r=—0.81, p=9.5x 10", respectively; Fig. 6A, D)
but positively with staining levels of x-SMA and of ER{3 (r=
091, p=2.0x10"" r=0.82, p=2.2 x 107, respectively; Fig.
6B, C). It also correlated negatively with lesional MVD as well
as the vascular density (r=—0.83, p=8.5x 10710, and r=—
0.72, p=14x 1076, respectively; Fig. 6E, F), indicating that
the lesional vascularity decreases as DE lesions become more
fibrotic, or vice versa. These results also indicate that the extent
of lesional fibrosis is a function of the completeness and thor-
oughness of the EMT and FMT, a finding we reported previous-
ly [40].
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Fig. 2 Representative
immunoreactivity staining of E-
cadherin, x-SMA, ERf3, PR,
vWF, and CD31-MVD in DE
lesions from lower stiffness and
higher stiffness lesions. Left
column, lower stiffness lesion
(mean stiffness value = 62.2 kPa);
right column, higher stiffhess
lesion (mean stiffness value =
262.7 kPa). Magnification in all
figures except CD31-MVD:
X400. The scale bar represents
125 pum. Magnification in CD31-
MVD figures: X200. The scale
bar represents 251 um
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Fig. 3 Representative Masson
staining in DE lesions from lower
stiffness (mean stiffness value =
62.2 kPa) and higher stiffness
lesions (mean stiffness value =
262.7). Magnification in figures
of left column: X100. The scale
bar represents 502 pm.
Magnification in figures of right
column: X400. The scale bar
represents 125 um. Yellow
arrows point to collagen fibers
stained in blue, while black
arrows indicate muscle fibers
stained in red

100X

400X

The mean lesional stiffness did not seem to correlate with
the severity of dysmenorrhea (r=0.10, p =0.59 and r=0.22,
p=0.23, for VDR and VAS, respectively).

Multiple linear regression incorporating age, parity, men-
strual phase, co-occurrence with OE, uterine fibroids, and/or
adenomyosis, lesion size, uterine size, mean lesional stiffness,
and location of lesions as co-variables indicated that the co-
occurrence with adenomyosis was the only variable that was
positively associated with the VAS scores (p =0.0029, R’ =

0.28), indicating that aside from the co-occurrence with
adenomyosis, there are other factors, yet to be identified, that
determine the severity of dysmenorrhea.

Discussion

In the last decade, ESG has emerged as a novel imaging tech-
nique for noninvasive assessment of tissue mechanical
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Fig. 5 Scatter plot of lesional stiffness versus (A) the extent of lesional
fibrosis; (B) E-cadherin staining levels; (C) «-SMA staining levels; (D)
ERf staining levels; (E) progesterone receptor staining levels; (F) the
extent of fibrosis vs. PR expression ratio; (G) microvessel density
(MVD), and (H) density of vWF-positive blood vessels in patients with
deep endometriosis. The dashed line represents the regression line. The

properties such as stiffness [43]. This technique capitalizes on
the aberrant tissue elasticity embedded in various pathological
organs or tissues to extract qualitative and quantitative informa-
tion for diagnostic purposes. Dubbed as a “palpation imaging,”
ESG has been used successfully in characterizing breast tumor
and staging and hepatic fibrosis [27, 28, 43]. Whenever palpa-
tion is of clinical values as in clinical examination in suspected
DE cases [44], ESG should be of use [27]. As more and more
manufacturers now incorporate ESG features into conventional
ultrasonography, TVESG are becoming more available, afford-
able, and ease of use just like conventional TVUS.

The fibrogenesis in endometriotic and adenomyotic lesions is
now well appreciated [45—48] and in fact a proposal has been
made recently to redefine endometriosis to incorporate its fibrot-
ic nature [49]. As the hallmark of fibrosis is the accumulation of
collagen fibers, which results in increased tissue stiffness,
TVESG is well-suited for diagnosing DE and adenomyosis since
fibrosis and tissue stiffness are intricately coupled, as we have
shown here and previously [36]. This is of particular importance
since DE has been shown to be closely linked with focal
adenomyosis [50, 51] and since TVESG can be easily employed
to look for DE and adenomyosis in just one single examination.
In addition, the “sliding sign” technique often used in TVUS to
assess the mobility of uterus or bladder [52] is essentially the
result of the absence or presence of adhesion. Yet adhesion itself
also results from tissue fibrosis and could potentially be detected
with ESG. Thus, TVESG not only has all the features of a
conventional TVUS but also it can detect and exploit the differ-
ential stiffness between DE lesions and their surrounding tissues,
thus potentially enhances its diagnostic accuracy.
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number shown is the correlation coefficient, along with the symbol
showing the levels of statistical significance. ***: p <0.001. The color
of the dots in the figure indicates whether the patient has deep
endometriosis (DE) alone (olive drab), DE and ovarian endometrioma
(OE) (blue), DE and adenomyosis (AM) (purple), and DE with co-
occurrence of OE and AM (red)

As shown in Fig. 1 and Supplementary Fig. S2, DE lesions
that evaded the detection by either pelvic examination, TVUS,
MRI or their combinations tend to be much smaller than those
did not, but nonetheless they were all detected by TVESG
since they had higher stiffness. In other words, by use of
additional information on differential stiffness between le-
sions and their surrounding tissues, TVESG was able to detect
those DE lesions that were small yet had higher stiffness.
Without the stiffness information, the small lesions seen under
TVUS (and, to certain extent, MRI) examination may look
like adhesion of ovarian endometriomas with the lower and
posterior part of the uterus, or the adhesion of the lower and
posterior part of the uterus with the pouch of Douglas or
bowels, and consequently miss the diagnosis.

Our findings that lesional stiffness correlated closely
with lesional fibrosis suggests that the TVESG can tell us
roughly the developmental stage of the DE lesions. In ad-
dition, the correlation between lesional stiffness and hor-
monal receptor expression, the EMT and FMT marker ex-
pression, and the vascularity in DE lesions strongly sug-
gests that TVESG not only can provide an instant assess-
ment of the developmental stage of DE lesions but also
may be employed to help physicians to choose the best
treatment modality for the patient.

Indeed, DE is notoriously challenging for medical treatment
[53, 54], and the precise underlying causes are largely unclear.
For a DE lesion that is highly fibrotic as manifested by the high
stiffness reading under TVESG, its response to hormonal treat-
ment is likely to be poor due to concomitant low PR expression
as well as reduced vascularity, since any drug that is



Reprod. Sci. (2020) 27:1411-1422 1419
@ E-cadherin staining vs. the extent of fibrosis b alpha-SMA staining vs. the extent of fibrosis C ER-beta staining vs. the extent of fibrosis
er. o .
S i o8 e=0B4 : =091 - -
8 Shg ° L 3 | =082 g
w «Q - - ° [ Phd
291 S : -t
g *in 2 to J - 8
g SR -l oot 21
€31 N £ s o e
] T . 891 s A (- ' ¢
P < a7 £2 o
a9 ~ AWV - b1 -
$ DE only o R At kol e o
= DE+OE R = 2 S 4 - . 5
DE+AM e e e ° B e
DE+OE+AM ~ 7L -q -
w 8 -
9 =3 T
10 20 30 40 25 30 35 10 20 30 40 50
Extent of fibrosis (%) (log-) Extent of fibrosis (%) Extent of fibrosis (%)
drr staining vs. the extent of fibrosis © MVD vs. the extent of fibrosis f Vascular density vs. the extent of fibrosis
Bt o
21 - =081 8 T "t =083 @T~. =072
o N b P - \~~
- S -3 2w | 52
H o % w = 58 g S
e TARn - . Susow 3, R I s
g S ~. 5 = S e R
co “ols e . - T 3 N
B . ey, g*" ol T
5 o Teg g - - = S
28] AL a4 > §o N e
= . ML T 2 & N Ry
. = =y % S
25 30 35 10 20 30 40 50 3 4 5 8 7

(log-) Extent of fibrosis (%)

Fig. 6 Scatter plot of the lesional fibrosis versus (A) E-cadherin staining
levels; (B) a-SMA staining levels; (C) ERf staining levels; (D)
progesterone receptor staining levels; (F) microvessel density (MVD),
and (G) density of vWF-positive blood vessels in patients with deep
endometriosis. The dashed line represents the regression line. The
number shown is the correlation coefficient, along with the symbol

administrated systemically or even locally would be difficult to
reach the target tissues that are DE lesions and, for hormonal
drugs, difficult to elicit response to progesterone. On the other
hand, we can see that there is a sizable portion of DE lesions that
have lower lesional stiffness and have not progressed to highly
fibrotic stage, suggesting that they might be responsive to hor-
monal treatment and thus can avoid surgery. Of course, future
studies are needed to demonstrate this is the case empirically.

Our results are consistent with our previous report that,
compared to OE, DE lesions underwent more thorough and
extensive EMT, FMT, and SMM and, consequently,
displayed significantly higher fibrotic content but less vas-
cularity [40]. As we have shown recently, this difference is
attributable to the difference in the microenvironment be-
tween OE and DE lesions, and in particular sensory nerve-
derived neuropeptides play an important role in facilitating
the lesional development and in shaping the lesional desti-
ny [19, 55]. Thus, our study further corroborates the notion
that endometriotic lesions are essentially wounds undergo-
ing ReTIAR [39]. In addition, through demonstration of
the potential of TVESG in diagnosing DE, our study illus-
trates that better understanding of the pathophysiology
could yield better diagnostic procedures and perhaps better
therapeutics in the future.

Our finding that the lesional stiffhess as measured by TVESG
correlated closely with the extent of fibrosis (Fig. 5A) is remark-
ably similar to our previous use of TVESG to diagnose
adenomyosis [36], even though two different types of
elastography instruments were used. This is also consistent with
the close correlation between the renal cortical stiffness and

Extent of fibrosis (%)

(5q1t-) Extent of fibrosis (%)

showing the levels of statistical significance. ***: p <0.001. The color
of the dots in the figure indicates whether the patient has deep
endometriosis (DE) alone (olive drab), DE and ovarian endometrioma
(OE) (blue), DE and adenomyosis (AM) (purple), and DE with co-
occurrence of OE and AM (red)

histological fibrosis determinants in patients with kidney trans-
plantation [56]. This close correlation suggests that the TVESG
can tell us roughly the developmental stage of the DE lesions. In
addition, the correlation between lesional stiffhess and hormonal
receptor expression, the EMT and FMT marker expression, and
the vascularity in DE lesions strongly suggests that TVESG not
only can provide an instant assessment of the developmental
stage of DE lesions but also may be employed to help physicians
to choose the best treatment modality for the patient.

While it is entirely biologically plausible that DE Ie-
sions with low stiffness may respond well to hormonal
treatment yet those with high stiffness may not, empirical
data are still needed to test this hypothesis. In addition,
when both DE and adenomyosis co-occur, as is often the
case for focal adenomyosis [50, 51], whether the informa-
tion on DE lesional stiffness in conjunction with on
adenomyotic lesions would account for the variation in
the severity of dysmenorrhea or of other pains would re-
quire future clarification.

By the combined use of TVESG and the histological
analysis of DE lesions based on their known natural histo-
ry, this study has the strength of linking lesional stiffness
with the histological changes in the lesions. By establish-
ing the close correlation between lesional stiffness and the
extent of fibrosis, this study essentially demonstrates the
potential of TVESG in diagnosing DE. In addition, by es-
tablishing a relationship between lesional stiffness and hor-
monal receptor expression and vascularity in lesions, our
study provides a tantalizing and exciting possibility that
the findings from TVESG could help choose the best
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treatment modality for the patient. Moreover, by showing
the lesional features that the existing diagnostic procedures
failed to detect while TVESG successfully picked up, our
study clearly demonstrates the great potential that TVESG
has in improving the diagnostic accuracy for DE.

There are several limitations in this study. First, while
slightly over half of our recruited DE patients also had
adenomyosis which appeared to account for the severity of
dysmenorrhea, we did not measure the stiffness of
adenomyotic lesions. This omission, clearly an oversight on
our part, may be responsible for our failure to find any clear
relationship between DE lesional stiffness and the severity of
dysmenorrhea. In future studies, the stiffness of adenomyotic
lesions also should be measured by TVESG and incorporated
into the analysis in the setting of DE. Given our finding that
the severity of dysmenorrhea is associated with the uterus size,
which, in turn, is associated with the co-occurrence of
adenomyosis, it is likely that the histology of adenomyosis
may account for a sizable portion of variation in dysmenor-
rhea severity even in the presence of DE.

Second, due to the design of this study, we did not spe-
cifically estimate the sensitivity and specificity of diagnos-
ing DE using TVESG, even though the sensitivity was
100%. Along the similar vein, we did not evaluate the
inter-observer agreement when determining lesional stiff-
ness, which also is important for a diagnostic procedure.
This is mainly due to our initial intention to demonstrate
the utility of using TVESG to diagnose DE, in particular, to
demonstrate the relationship between measured lesional
stiffness and the extent of lesional fibrosis. Future studies
are needed to estimate the sensitivity, specificity, and per-
haps other characteristics for TVESG.

In summary, TVESG has a great potential in diagnosing DE
since it uses additional information on the differential stiffness
between DE lesions and their surrounding tissues. It not only
can provide an instant—albeit rough—assessment of the de-
velopmental stage of DE lesions but also may be used to guide
the choice of the best treatment modality for the patient.
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