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Transvaginal Elastosonography as an Imaging
Technique for Diagnosing Adenomyosis
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Abstract
To test the hypothesis that the lesional stiffness as measured by transvaginal elastosonography (TVESG) correlates with the
extent of fibrosis in adenomyotic (AM) lesions, and thus TVESG can be used to diagnose AM, we conducted 2 studies. The first
evaluated the relationship, if any, between lesional stiffness and lesional histology in 35 women with histologically confirmed AM in
comparison with tissue stiffness in 11 control myometrial (CM) and 8 uterine fibroids (UFs) tissue samples. The second validated
the relationship between lesional stiffness and the severity of dysmenorrhea and the amount of menses in AM patients by
recruiting 112 patients diagnosed with AM, 67 with UF, and 130 controls. Transvaginal ultrasound and TVESG were both per-
formed. We found that the stiffness of AM lesions was significantly higher than that of UF, which, in turn, was significantly higher
than that of CM. Lesional stiffness correlated positively with uterine size and the extent of lesional fibrosis but negatively with
E-cadherin and progesterone receptor expression levels. Lesional stiffness also correlated with the severity of dysmenorrhea as
well as the amount of menses. Thus, TVESG can improve the diagnostic accuracy for AM, especially in differential diagnosis of AM
from UF. The correlation between lesional stiffness and the extent of fibrosis and hormonal receptor expression and the severity
of symptomology strongly suggests that TVESG not only can provide an instant assessment of the developmental stage of AM
lesions but also may be used to guide the choice of the best treatment modality for the patient.
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Introduction

Adenomyosis (AM) is a prevalent, benign gynecological con-

dition characterized by infiltration of endometrial tissues into

the myometrium, causing myometrial inflammation and

hypertrophy and leading to dysmenorrhea, pelvic pain, abnor-

mal uterine bleeding, and subfertility.1-6 Its prevalence varies

from 14% up to 66%, depending on the patient population and

diagnostic procedure and criteria.5 Adenomyosis often coex-

ists with other gynecological disorders, such as endometriosis

and uterine fibroids (UFs),4 and may share the same pathogen-

esis as endometriosis.7 Although the disease is estrogen

dependent, progestogenic agents are not very effective, and

the use of gonadotropin-releasing hormone (GnRH) agonists

is restricted by short duration.1 Worse, the symptoms quickly

recur after discontinuation of GnRH agonists therapy.8

Although the levonorgestrel-releasing intrauterine system has

been reported to have some efficacy,9 side-effects such as

spotting are nonetheless seen in 1 of 3 women, and oligome-

norrhea is the most common complaint observed.9 The defi-

nitive treatment for symptomatic AM is hysterectomy,10 even

though the decision of removing the uterus, arguably an iconic

symbol of womanhood, can be difficult and even agonizing to

make.

Although *1 of 3 patients with AM are asymptomatic,1 these

may eventually become symptomatic due to the progressive

nature of AM lesions, which are essentially wounds undergoing

repeated tissue injury and repair (ReTIAR) just like endometrio-

tic lesions.11-14 In addition, since AM may increase the risk of

infertility 15 and preeclampsia,16 accurate diagnosis becomes a

critical first step toward the proper management of AM.

Currently, transvaginal ultrasound (TVUS) and magnetic

resonance imaging (MRI) are 2 mainstream imaging tech-

niques used to diagnose AM. Due to its much lower cost as

compared with MRI, its ubiquitous, and ease of use, TVUS is

now the first-line imaging technique when UF is suspected and
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also the imaging method of choice when AM is suspected.17

The sensitivity and specificity of TVUS to detect AM are

reported to be *83% and *85%, respectively, comparable

to that of MRI.18 However, its diagnostic accuracy can be

compromised substantially when UF is also present because

of the circumscribed nature.19,20 Even if the diagnosis is accu-

rate, it often provides little, if any, guidance in choosing the

best treatment modality.

Thus, there are still ample rooms for improvement in diag-

nostic accuracy for ultrasonography. In fact, improving the

accuracy should also help pave the way for implementation

and monitoring of treatment modalities, alternative to more

radical treatment such as hysterectomy.

Since AM lesions are also wounds undergoing ReTIAR just

like endometriotic lesions, they gradually progress to fibrosis

through epithelial–mesenchymal transition (EMT), fibroblast-

to-myofibroblast transdifferentiation (FMT), and smooth mus-

cle metaplasia (SMM).11-14 Hence, the extent of fibrosis can be

viewed as the ultimate end result of AM lesions. Incidentally,

UF lesions also have excessive extracellular matrix (ECM)

deposition.21 The extent of fibrosis in either AM lesions or

fibroids conceivably determines the lesional stiffness or hard-

ness, which could be assessed by palpation through tissue

deformation. Hence, lesional stiffness contains information

inherently embedded within AM lesions, revealing just how

advanced the lesion is. Unfortunately, neither TVUS nor MRI

can be used to evaluate the lesional stiffness.

Elastography is a new imaging technology that recently

becomes commercially available. It generates images of tissue

stiffness, mainly by ultrasound (elastosonography [ESG]).

Conceptually, it is akin to the ancient technique of palpation,

but it is less subjective, requires no experience, and provides

better spatial localization information.22 Currently, ESG can be

roughly categorized into 2 different forms: strain imaging and

shear wave imaging.22 Both methods require mechanical exci-

tation, which is akin to palpation. Depending on the excitation

methods, measured physical quantity, and the methods of dis-

playing the measured quantity, ESG can be further divided into

different groups.22 Strain ESG measures the tissue deformation

or displacement generated by applying pressure (as an excita-

tion) with a probe on the body surface, whereas shear wave

ESG records the propagation of shear waves after excitation. 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 imaging results.

Elastosonography has been proven invaluable to access the

extent of fibrosis in liver and to diagnose tumors of the breast and

other organs.23 However, studies on ESG application in gynecol-

ogy have been scanty, especially in AM and UF. Several pub-

lished studies reported the use of transvaginal ESG (TVESG) to

diagnose AM, and all of them reported that TVESG is a useful tool

in diagnosing AM, and in differential diagnosis from UF.24-27

In this study, we performed TVESG on patients suspected

with AM and/or UF, whose diagnosis was later confirmed his-

tologically. We further performed immunohistochemistry

(IHC) and histologic analyses of markers of EMT, FMT, and

the extent of fibrosis, along with hormonal receptors, and then

evaluated the relationship between these markers and the

lesional/tissue stiffness. In addition, we carried out TVESG

in a larger sample to validate our findings and also to correlate

the stiffness measurement with the severity of symptoms.

Materials and Methods

Patients and Specimens

This study was composed of 2 parts. The first part was designed

to evaluate the relationship, if any, between lesional stiffness,

as measured by TVESG, and histological parameters (mainly

select markers of EMT and FMT and the extent of fibrosis) in

women with histologically confirmed AM in comparison with

tissue stiffness in control myometrium (CM) and in UF. In

addition, we attempted to explore any relationship between

tissue stiffness and the severity of symptoms such as dysme-

norrhea and the amount of menses. To this end, we recruited 48

premenopausal patients who were initially diagnosed with AM

(n¼ 37), or cervical intraepithelial neoplasia (CIN) III (n¼ 11,

as controls) by TVUS, symptoms, gynecological examination,

and blood biochemistry who were indicated with laparoscopic

hysterectomy. After TVESG and TVUS, they all underwent

hysterectomy and their conditions were confirmed by histol-

ogy. Among 37 patients with AM, 2 were later excluded due to

suspected perimenopause (one was 56 years old, and the other

aged 45 years but had hypertrophic endometrium). As controls,

the 11 patients underwent hysterectomy because of CIN-III

(100%) but had no myometrial disorder or other gynecologic

diseases such as AM or endometriosis. Since 1 challenge in

diagnosing AM is confusion with UF, we also recruited 8

patients who were initially diagnosed with UF by TVUS, symp-

tomology, and gynecological examination and after both

TVUS and TVESG evaluation underwent hysterectomy, and

their UF was histologically confirmed. In all patients, the co-

occurrence or the absence of endometriosis was determined by

laparoscopy. To minimize confounding, we recruited patients

with CM and UF to match the age and the menstrual phase of

the AM group as much as we could.

The second part was designed to validate the relationship

between lesional stiffness and the severity of dysmenorrhea

and the amount of menses in patients with AM, as suggested

in the first part of this study. To this end, we recruited 114

premenopausal patients diagnosed with AM, 70 with UF, and

130 controls without AM/UF or endometriosis by TVUS, who

visited Shanghai OB & GYN Hospital, Fudan University, from

September 2016 to December 2016. Since no hysterectomy

was performed and thus no histology in all 3 groups, we acted

conservatively by excluding possible AM in the UF and control

groups through recruiting those without dysmenorrhea. All

these patients showed negative sonographic evidence for ovar-

ian endometriomas. In all 3 groups, the co-presence or absence

of endometriosis was determined by laparoscopic evaluation.

We later excluded 1 patient from the AM group due to sus-

pected perimenopause (54 years old) or to very young age (23
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years) and 3 from the UF group (3 were 53 years or older),

leaving 112 patients with AM and 67 patients with UF. Among

them, 20 (17.9%) of 112 patients with AM underwent hyster-

ectomy and histological evaluation, but the remaining 92

(82.1%) were diagnosed according to symptomology and con-

ventional TVUS. In patients with UF, 4 (6.0%) of them under-

went hysterectomy, while the remaining 63 (94.0%) cases

underwent myomectomy. In controls, 10 (17.8%) of them were

patients received hysterectomy because of cervical CIN-III

(n ¼ 8) or cervical carcinoma in situ (n ¼ 2) but had no myo-

metrial disorder or other gynecological cancers. The remaining

120 (92.3) were healthy volunteers who had no gynecological

complaint at all. Among them, 41 were hospital staff, and 79

were women who came to our hospital to take the annual

gynecologic examination. None of them had any previous

gynecological disorders and symptoms, and the TVUS and

TVESG images also show no abnormality. Since in UF and

CM groups no hysterectomy was performed and thus no histol-

ogy, we acted conservatively by excluding symptomatic AM

through recruiting those without dysmenorrhea.

All patients’ medical records, including clinical symptoms,

features, and pathological reports were carefully reviewed and

their data retrieved. The demographic information on age,

gravidity, parity, length of menstrual cycles, date of the last

menstruation, the date of surgery, Verbal Descriptor Scale

(none, mild, moderate, or severe) and a 10-cm Visual Analog

Scale (VAS) on dysmenorrhea, and the amount of menses

(light, if no more than 1 sanitary pad was used in each period;

heavy, if more than 3 pads were used; otherwise moderate), as

reported previously,28,29 were collected. For patients with AM,

diffuse or focal AM were distinguished by pathological reports

for patients who underwent hysterectomy, but this information

was not available for those who did not underwent hysterect-

omy thus had no pathological reports.

For patients who underwent hysterectomy, none of them had

taken any anti-platelet, hormonal, oral contraceptive, anti-dia-

betic, or other medications at least 3 months prior to the surgery.

We also reviewed the medical records including clinical fea-

tures, laboratory results, and pathology reports from hysterect-

omy as well. For patients with AM recruited to the first part of

this study, we collected the AM samples from the patients with

AM as well as fibroids tissues from 16 of them who also had co-

occurrence with UF. We also collected fibroids tissue samples

from 8 patients with UF and myometrial tissue samples from 11

control participants. All collected tissue samples were fixed with

10% formalin and paraffin embedded for IHC analysis and for

Masson trichrome staining, as described below.

Written informed consent was sought before the patient was

recruited into this study, which was approved by the institu-

tional ethics review board of Shanghai Obstetrics and Gynecol-

ogy Hospital.

Evaluation of the Sonographic and Elastographic Images

For all recruited participants, the conventional TVUS (B-mode)

and TVESG were both performed (all by Y.R. who had 22 years

of experience in gynecological sonography in an OB/GYN spe-

cialty hospital) on a Hitachi Aloka ARIETTA 70 with an EUP-

V53W transvaginal probe (Hitachi, Tokyo, Japan) before sur-

gery (for the first part of the study) to measure the stiffness of

AM lesions, UF, or, for controls, just myometrium. This ultra-

sound system is a real-time strain elastography that detects tissue

strain while compressing the surface with the transducer. During

acquisition of an elastographic image, the machine quantifies the

tissue displacement by tracking ultrasonographic speckles and

comparison of changes before and after pressure application

(excitation). The amount of change in deformation, as a measure

of stiffness, is color coded and is superimposed on the corre-

sponding B-mode image, with red being the softest and blue

being the stiffest, and green being the average stiffness.

The uterine size was measured by TVUS. For TVUS ima-

ging, the sonographer (Y.R.) made all her diagnosis based on

features as represented in Table 1 from the study by Ferraz

et al,30 which in turn is based on the Morphological Uterus

Sonographic Assessment criteria.31 For the patients with AM

and UF, we set a region of interest (ROI) in the typical lesional

area of the uterus. The stiffness at the ROI of the uterus was

measured during a cycle of compression and decompression

with a transvaginal probe. To eliminate possible bias and to

maintain consistency, we maintained a probe pressure ranged

from 3 to 4 in the indicator for all patients. The Hitachi machine

that we used in fact did not give an absolute reading for tissue

stiffness. Instead, it only gave liver function index (LFI), which

is a built-in stiffness measurement implemented in the Hitachi

machines and is displayed automatically after the ROI is posi-

tioned. Liver function index is a composite measurement of

kurtosis (level of concentration toward the average value of

data distribution), degree of strain (a statistical value that indi-

cates the degree of strain away from the symmetrical shape of

the histogram), and several quantitative characteristics that

indicate the contrast, homogeneity, complexity, uniformity,

and direction of tissue texture, initially based on the studies

by Tatsumi et al32,33 and later improved by Fujimoto et al.34

In all cases, the LFI for an ROI was measured 3 times, and

the mean value was used. The site of the typical lesion in the

uterus (such as in the anterior, or posterior uterine wall, or in

the fundic uteri), also known as the ROI, was also recorded.

Immunohistochemistry Analysis

Serial 4-mm sections were obtained from each block, with the

first resultant slide stained for hematoxylin and eosin to con-

firm the pathologic diagnosis, and IHC staining of E-cadherin

(a marker for EMT), a-smooth muscle actin (a-SMA, a marker

for FMT), estrogen receptor b (ER-b), and progesterone recep-

tor (PR) was performed for eutopic and ectopic endometrium in

AM, fibroids, and CM tissue samples. Routine deparaffiniza-

tion and rehydration procedures 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 minutes and cooled

naturally to room temperature. Sections were then incubated

with the primary antibody against E-cadherin (1:100; Cell
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Signaling Technology [CST], Massachusetts), a-SMA (1:100;

Abcam, Cambridge, England), ER-b (1:500; Abcam), or PR

(1:100; Abcam) overnight at 4�C. After slides were rinsed, the

horse radish peroxidase–labeled secondary anti-rabbit/mouse

antibody detection reagent (Shanghai Sun BioTech Company,

Shanghai) was incubated at room temperature for 30 minutes.

The bound antibody complexes were stained for about 1 to 2

minutes or until appropriate for microscopic examination with

diaminobenzidine and then counterstained with hematoxylin

(30 seconds) and mounted. The positive staining was evaluated

using a semiquantitative scoring system, as reported previ-

ously.35,36 Briefly, the number and intensity of positive cells

were counted by Image-Pro Plus 6.0 (Media Cybernetics Inc,

Bethesda, Massachusetts). A series of 3 to 5 randomly selected

images on several sections were taken to obtain a mean value.

Immunohistochemistry 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 MOD¼ IOD/S, equivalent to the intensity of stain in

all positive cells.

Human invasive breast cancer tissue samples were used as

positive controls. For negative controls, human AM tissue sam-

ples were incubated with rabbit or mouse serum instead of

primary antibodies.

Masson Trichrome Staining

Masson Trichrome staining was used for the detection of col-

lagen fibers in tissues. Tissue sections were deparaffinized in

xylene and rehydrated in a graded alcohol series and then were

mordant in Bouin solution at 37�C for 2 hours. Bouin solution

was made with saturated picric acid 75 mL, 10% formalin

solution 25 mL, and acetic acid 5 mL. The tissue sections were

stained using Masson Trichrome Staining kit (Baso, Wuhan,

Table 1. Characteristics of Recruited Control Participants and Patients With Adenomyosis and Uterine Fibroids for the First Part of This Study.

Item Control (n ¼ 11) Adenomyosis (n ¼ 35) Uterine Fibroids (n ¼ 8)
Statistical

Significancea

Age, years Mean (SD) ¼ 41.5 (3.8) Mean (SD) ¼ 44.1 (4.3) Mean (SD) ¼ 40.8 (5.5) .09
Median (range) ¼ 41 (34-47) Median (range) ¼ 44 (34-52) Median (range) ¼ 42 (33-48)

Menstrual phase
Proliferative 4 (36.4%) 18 (51.4%) 5 (62.5%) .52
Secretory 7 (63.6%) 17 (48.6%) 3 (37.5%)

Parity
0 0 (0.0%) 3 (8.6%) 1 (12.5%) .58
1 9 (81.8%) 25 (71.4%) 7 (87.5%)
�2 2 (18.2%) 7 (20.0%) 0 (5.0%)

Severity of
dysmenorrhea

None 11 (100.0%) 4 (11.4%) 8 (100.0%) 1.0 � 10�8

Mild 0 (0.0%) 3 (8.6%) 0 (0.0%)
Moderate 0 (0.0%) 10 (28.6%) 0 (0.0%)
Severe 0 (0.0%) 18 (51.4%) 0 (0.0%)

Scores of VAS on
dysmenorrhea

Mean (SD) ¼ 0.0 (0.0) Mean (SD) ¼ 6.0 (2.8) Mean (SD) ¼ 0 (0) 1.7 � 10�7

Median (range) ¼ 0 (0-0) Median (range) ¼ 7 (0-9) Median (range) ¼ 0 (0-0)
Amount of menses

Light 0 (100.0%) 0 (0.0%) 0 (0.0%) 5.5 � 10�4

Moderate 10 (0.0%) 11 (31.4%) 6 (75.0%)
Heavy 1 (0.0%) 24 (68.6%) 2 (25.0%

Type of
adenomyosis

Focal NA 7 (20.0%) NA NA
Diffused 28 (80.0%)

Co-occurrence of
endometriosis

No 11 (100.0%) 26 (74.3%) 8 (100.0%) .30
Yes 0 (0.0%) 9 (25.7%) 0 (0.0%)

Co-occurrence of
uterine fibroids

No NA 18 (51.4%) NA NA
Yes 17 (48.6%)

Uterine size, cm3 Mean (SD ) ¼ 67.0 (16.7) Mean (SD) ¼ 354.8 (213.6) Mean (SD) ¼ 239.6 (126.2) 4.1 � 10�6

Median (range) ¼ 65.3 (48.5-91.1) Median (range) ¼ 254.3 (55.3-846.3) Median (range) ¼ 219.5 (33-48)

Abbreviations: NA, not applicable; SD, standard deviation; VAS, Visual Analog Scale.
a*P < .05; **P < .01; ***P < .001; NS: P > .05. Kruskal rank test was used for age and uterine size while for other data Fisher exact test was used.

4 Reproductive Sciences XX(X)



China) following the manufacturer’s instructions. The areas of

the collagen fiber layer stained in blue were calculated by the

Image Pro-Plus 6.0.

Statistical Analysis

The comparison of distributions of continuous variables

between or among 2 or more groups was made using the Wil-

coxon and Kruskal tests, respectively. Pearson or Spearman

rank correlation coefficient was used when evaluating correla-

tions between 2 variables when both variables were continuous

or when at least 1 variable was ordinal. To evaluate which

factors were associated with the tissue stiffness, multiple linear

regression analysis was used. To see which covariables were

associated with heavy menses (as opposed to light and moder-

ate menses), a multiple logistic regression analysis was used.

Jonckheere-Terpstra test was used to see whether there is trend

among different severity groups.

P values of <.05 were considered statistically

significant. All computations were made with R version 3.4.2

(www.r-project.org).

Results

The characteristics of patients recruited for the first study are

listed in Table 1. As expected, the VAS scores correlated posi-

tively with the Verbal Rating Scale (VRS, r ¼ 0.98, P < 2.2 �
10�16). Within women with AM, there was no difference in sever-

ity of dysmenorrhea between those with or without concurrent

endometriosis (P ¼ .58) and with or without fibroids (P ¼ .95).

Overall, TVESG provided a clear view of the tissue stiff-

ness: the serosal surface of uterus typically showed red-colored

images, whereas the endometrium showed reddish to yellowish

coloration, and the normal myometrium, as mildly stiff tissues,

often showed the mostly greenish and less yellowish coloration

(Figure 1A). Fibroids were stiffer than normal myometrium,

and their images were mostly shown as green and slightly blue

colors, and were surrounded by circling pseudocapsule with red

coloration (Figure 1B). The stiffest tissues showing broad areas

of blue color were typically seen in severe AM lesions (Figure

1C) and in some focal AM lesions (Figure 1D, the upper left

area). In some cases, AM coexisted with UF which showed a

typical red-colored pseudocapsule circling around the fibroid

(Figure 1D, the middle lower area). Thus, TVESG could easily

distinguish AM from fibroids.

In addition, TVESG was found to be superior to TVUS in

diagnosing AM when the uterus in question was slightly

enlarged (*5 weeks of gestation). We had 10 cases who com-

plained about dysmenorrhea and had elevated CA-125, but

upon conventional B-mode TVUS examination the images

showed no signs that were consistent with a typical or spherical

enlarged uterus, or the presence of mild but not severe or obvi-

ous internal inhomogeneous echo in ROI for diffuse AM or, in

the case of focal AM, showed local inhomogeneous echo in the

ROI as compared with surrounding myometrium, with no clear

boundary to the surrounding myometrium like a pseudocapsule

circling around the fibroid. Hence, these patients were sus-

pected with AM but were difficult to be diagnosed with AM

by TVUS (Figure 2A).

Under TVESG, however, the ROI of these patients showed

higher tissue stiffness than those of normal myometrium (the

area pointed by an arrow in Figure 2B), indicative of fibrotic

tissues and thus AM lesions. Based upon the symptom and the

TVESG, AM in these patients were further confirmed by higher

stiffness value under TVESG. For these patients, although the

stiffness was higher than those of normal myometrium, they

were around 2.6, still lower than the mean lesional stiffness of

all recruited patients with AM (suggesting that they may be

responsive to hormonal treatment). They were then given treat-

ment with oral contraceptives or progestins, and all were respon-

sive. Therefore, these lesions were diagnosed as AM.

In patients with UF, those whose fibroid nodes histologi-

cally diagnosed with hyaline degeneration show even hypoe-

choic and inhomogeneous echo by TVUS (B-mode) and could

be further verified by TVESG which showed significantly

lower stiffness than those without (data not shown). Hyaline

degeneration is the most common type of degeneration of

fibroids, which is characterized by the presence of homoge-

neous eosinophilic bands or plaques in the extracellular space,

giving glassy appearance and losing the vortex structure, and

can be used loosely to describe the histologic appearance of

tissues.37

The images usually show uniform and spherical enlarged

uterus, and internal inhomogeneous echo in the lesion, whereas

for focal AM, the images usually show local inhomogeneous

echo in the lesion compared with surrounding myometrium and

with no certain boundary to the surrounding myometrium like a

pseudocapsule circling around the fibroid; thus, these patients

were difficult to be diagnosed with AM by TVUS. Although

under TVESG examination, the myometrium of these patients

showed broad areas of blue color and less green color, and the

tissue stiffness values were significantly higher than those of

normal myometrium, thus TVESG is superior in distinguishing

AM from normal myometrium.

Higher Stiffness in AM Lesions as Compared to Fibroids
and Normal Myometrium

We found that the stiffness of AM lesions is significantly

higher than that of CM (P ¼ 1.5 � 10�6) and of fibroid lesions

(P ¼ .0006; Figure 3A). The average tissue stiffness in CM,

AM lesions, and UF tissues was 1.54 + 0.82, 3.90 + 1.00, and

2.68 + 0.66, respectively. A multiple linear regression analysis

incorporating age, menstrual phase, parity, preoperational use

of hormonal therapy, source of tissues (AM or otherwise,

fibroids or not), uterine size, and co-occurrence of endometrio-

sis as covariates indicated that the tissue stiffness was only

associated positively with the uterine size and AM and fibroid

lesions (P ¼ .025, P ¼ 3.5 � 10�6, and P ¼ .049, respectively;

R2 ¼ 0.58) but not with other factors.

Within women with AM, there was no difference in

lesional stiffness between focal and diffuse AM (P ¼ .82;
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Figure 3B). Multiple linear regression analysis indicated that

lesional stiffness was associated positively with the uterine

size (P ¼ .024; R2 ¼ 0.14) but not age, parity, menstrual

phase, the type of AM, or the co-occurrence of endometriosis

or of fibroids. Indeed, within women with AM, the lesional

stiffness correlated positively with the uterine size (r ¼ 0.38,

P ¼ .024; Figure 3C). The correlation coefficient was

increased to 0.67 (P ¼ 3.9 � 10�8; Figure 3D) if all partici-

pants were included.

Interestingly, for women with co-occurrence of AM and

fibroids, the AM stiffness had no relationship with the fibroid

stiffness (r¼�0.03, P¼ .92). There was no difference in AM

lesional stiffness between women with and without co-

occurrence of UF (P ¼ .82). There was no difference in

lesional stiffness between women with moderate and heavy

amount of menses (P ¼ .37). The lesional stiffness appeared

to correlate positively with the severity of dysmenorrhea, but

the correlation did not reach statistical significance (Supple-

mental Figure 1A; P ¼ .11 by the Jonckheere-Terpstra trend

test).

Lesional Stiffness Correlates With the Extent of Fibrosis
and Hormonal Receptor Expression in AM

We also evaluated the relationship, if any, between the lesional

stiffness and the extent of fibrosis and the expression levels of

E-cadherin (a marker of EMT), a-SMA (a marker for FMT),

and of hormonal receptors ER-b and PR. We found that

E-cadherin staining was seen in glandular epithelial cells of

the control, eutopic, and ectopic endometrium and was loca-

lized in the cell membrane. a-Smooth muscle actin staining

was seen primarily in the stroma of AM lesions. Estrogen

Figure 1. Representative transvaginal elastosonographic photos of different tissues: (A) normal myometrium shows the most green and less
yellow color represents mild stiffness of the tissue; (B) uterine fibroid shows the most green and less blue color represents medium stiffness of
the tissue, and there is also a typical red color pseudocapsule that circling around the fibroid; (C) diffuse adenomyotic tissue shows the broad
area of blue color representing the even stiffer tissue; and (D) focal adenomyosis with co-occurrence of uterine fibroid. Focal adenomyotic
tissue (the upper left area) shows the local area of blue color representing the even stiffer tissue. The uterine fibroid (the middle lower area)
shows a typical red-colored pseudocapsule that circling around the fibroid. Typical serosal surface of uterus shown in red color could be seen in
every uterus.
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receptor b staining was seen mostly in glandular epithelial cells

of the control, eutopic, and ectopic endometrium and was loca-

lized in the cytoplasm. Progesterone receptor staining was seen

in the nuclei of both stromal and glandular epithelial cells of the

control, eutopic, and ectopic endometrium (Figure 4).

We found that the lesional stiffness correlated closely with

the extent of lesional fibrosis, as determined by the Masson

Trichrome staining (r ¼ 0.90, P ¼ 4.3 � 10�13, with 1 appar-

ent outlier removed, or r ¼ .92, P ¼ 2.3 � 10�15 without;

Figure 5A). It also correlated negatively with the staining

levels of E-cadherin and of PR (r ¼ �0.88, P ¼ 4.7 �
10�12, and r ¼ �0.88, P ¼ 6.2 � 10�12, respectively; Figure

5B and E) but positively with the staining levels of a-SMA

and of ER-b (r ¼ 0.87, P ¼ 2.8 � 10�11, r ¼ 0.86, P ¼ 5.9 �
10�11, respectively; Figure 5C and D). Since the ratio of the

extent of fibrosis versus the PR expression levels may indicate

how responsive to hormonal treatment, we also plotted the

lesional stiffness against the ratio and found that the 2 vari-

ables were highly correlated (r ¼ 0.93, P ¼ 7.4 � 10�16;

Figure 5F). In all calculations, 1 patient, an apparent outlier,

with the lowest lesional stiffness was removed. Further scru-

tiny of this patient revealed that she also had deep

endometriosis and fibroids, severe dysmenorrhea, complained

of heavy menses, and had mild anemia.

For all patients with AM and fibroids, the AM or fibroid

lesional stiffness correlated closely with the extent of fibrosis

(r ¼ 0.90, P < 2.2 � 10�16; Figure 6A). Interestingly, the

lesional stiffness in women with AM and endometrial stiff-

ness in controls correlated negatively with the staining levels

of E-cadherin and of PR (r¼�0.80, P¼ 5.4� 10�11, and r¼
�0.82, P ¼ 6.2 � 10�12, respectively; Figure 5B and D) but

positively with that of ER-b in endometrium (r ¼ 0.49, P ¼
.0007; Figure 6C). This may be due to the close correlation

between lesional and endometrial immunostaining levels of

E-cadherin (r ¼ 0.90, P ¼ 3.2 � 10�13), ER-b (r ¼ 0.91, P ¼
2.6 � 10�14), and PR (r ¼ 0.91, P ¼ 2.6 � 10�14).

Similarly, the extent of lesional fibrosis and the E-cadherin

staining also appeared to be correlate with the severity of dys-

menorrhea, but the correlation did not reach statistical signifi-

cance (Supplemental Figure 1B and C; P ¼ .28 and P ¼ .26,

respectively, by the Jonckheere-Terpstra trend test). However,

PR staining levels were found to correlate negatively with the

severity of dysmenorrhea (Supplemental Figure 1D; P ¼ .029

by the Jonckheere-Terpstra trend test), consistent with

Figure 2. A. Transvaginal ultrasound image for a patient with a small uterus (59 � 58 � 57 mm) who complained of moderate dysmenorrhea
with elevated CA125 level and was suspected with AM. The big circled area (white arrows) showed the ROI. The conventional B-mode TVUS
image showed no sign that was consistent with a typical or spherical enlarged uterus or the presence of mild but not severe or obvious internal
inhomogeneous echo in ROI. B, Transvaginal elastosonography image showing an increased stiffness value (LFI ¼ 2.585) in the same ROI shown
in the TVUS (white arrow), indicative of adenomyosis. AM indicates adenomyosis; LFI, liver function index; ROI, region of interest; TVUS,
transvaginal ultrasound.
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previously reported.38 Although individually the correlation

between the VAS scores and lesional stiffness and extent of

fibrosis and E-cadherin staining did not reach statistical signif-

icance, they were all consistent and, taken together, they sug-

gest that patients with AM would experience more severe

dysmenorrhea as lesions progress.

Tissue Stiffness in Fibroids and Its Relationship With
the Extent of Fibrosis

No apparent relationship between the maximal fibroid size

and the tissue stiffness was found (r ¼ �0.09, P ¼ .69; Figure

7A). However, the maximal fibroid size in patients with co-

occurrence of AM was significantly smaller than that in

patients without (P ¼ .0008; Figure 7B). Fibroids in patients

with co-occurrence of AM appeared to have lower tissue stiff-

ness, but the difference was only marginally statistically sig-

nificant (P ¼ .065; Figure 7C). However, the tissue stiffness

correlated positively with the extent of fibrosis in fibroids (r

¼ .85, P ¼ 2.2 � 10�7; Figure 7D), as in AM lesions. A

multiple linear regression analysis incorporating age, men-

strual phase, parity, preoperational use of hormonal therapy,

co-occurrence with AM or not, uterine size, fibroid size, and

the extent of fibrosis as covariates indicated that the tissue

stiffness was only associated positively with the extent of

fibrosis (P ¼ 2.2 � 10�7, R2 ¼ 0.73; Figure 7D) but not the

other factors.

Confirmation in the Larger Data Set

The characteristics of recruited patients in the 3 groups are

listed in Table 2. As expected, the VAS scores correlated

nearly perfectly with the VRS (r ¼ 0.99, P < 2.2 � 10�16).

Within women with AM, there was no difference in severity

of dysmenorrhea between those with concurrent endometrio-

sis (P ¼ .53).

We found that the tissue stiffness of AM lesions is signifi-

cantly higher than that of CM (P < 2.2 � 10�16) and of fibroid

lesions (P ¼ 2.1 � 10�6; Figure 8A), confirming our finding in

the first part of this study. The average tissue stiffness in CM,

AM lesions, and UF tissues was 1.42 + 0.59, 3.66 + 1.02, and

2.79 + 0.69, respectively, and was remarkably similar to the

first data set. A multiple linear regression analysis incorporat-

ing age, menstrual phase, parity, preoperational use of

Figure 3. A, Box plots of tissue stiffness, as measured by TVESG, in different tissue groups. B, Box plots of lesional stiffness in different focal and
diffuse adenomyosis. C, Scatter plot of lesional stiffness versus uterine size in patients with adenomyosis. The dashed line represents the
regression line. The number shown is the correlation coefficient, along with the symbol showing the levels of statistical significance. D, Scatter
plot of lesional stiffness versus uterine size in patients with adenomyosis (maroon-colored dots), uterine fibroids (purple-colored dots), and
normal controls (olive drab-colored dots). The dashed line represents the regression line. The number shown is the correlation coefficient,
along with the symbol showing the levels of statistical significance. *P < .05; **P < .01; ***P < .001. TVESG indicates transvaginal
elastosonography.
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hormonal therapy, source of tissues (AM or otherwise, fibroids

or not), co-occurrence of endometriosis or not, amount of

menses, and the VAS on severity of dysmenorrhea as covari-

ates indicated that the tissue stiffness was associated positively

with AM lesions, fibroid lesions, amount of menses, and VAS

(P < 2.2 � 10�16, P < 2.2 � 10�16, P ¼ .040, and P ¼ 1.5 �
10�4, respectively; R2 ¼ 0.67; Figure 7A).

Within women with AM, the lesional stiffness was corre-

lated positively with the uterine size (r ¼ .38, P ¼ 4.1 � 10�5;

Figure 8B). A multiple linear regression analysis incorporating

age, menstrual phase, parity, preoperational use of hormonal

therapy, co-occurrence of endometriosis or not, amount of

menses, and the VAS on severity of dysmenorrhea as covari-

ates indicated that the tissue stiffness was associated positively

Figure 4. Upper panel: representative microphotographs on immunoreactivity against E-cadherin, a-SMA, ER-b, and PR in normal endome-
trium from controls, eutopic, and ectopic endometrium in patients with adenomyosis. Left to right column: control endometrium, eutopic
endometrium, ectopic endometrium from a patient who has a lower lesional stiffness, and ectopic endometrium from a patient who has a higher
lesional stiffness. Magnification in all figures: �200. The scale bar represents 251 mm. Lower panel: representative Masson staining in different
tissue groups as indicated: normal myometrium, uterine fibroids, ectopic endometrium from a patient who has a lower lesional stiffness, and
ectopic EM from a patient who has a higher lesional stiffness. Magnification in all figures: �400. The scale bar represents 125 mm. Yellow arrows
point to collagen fibers stained in blue and while black arrows indicate muscle fibers stained in red. ADM indicates adenomyosis; EM,
endometrium; ER-b, estrogen receptor b; PR, progesterone receptor; a-SMA, a-smooth muscle actin.
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with the uterine size and VAS score (P ¼ 6.6 � 10�5 and

P ¼ 4.8 � 10�5, respectively; R2 ¼ 0.26).

The lesional stiffness was higher in women who complained

heavy menses than those who had light or moderate amount of

menses (P ¼ .002; Figure 8C). A multiple logistic regression

analysis incorporating age, parity, preoperational use of hor-

monal therapy, uterine size, and lesional stiffness as covariates

indicated that the amount of menses was associated positively

with lesional stiffness (P ¼ .0036; Akaike Information Criter-

ion (AIC) ¼ 140.4).

The lesional stiffness also correlated positively with the

severity of dysmenorrhea (Spearman r ¼ .32, P ¼ .0002 for

VRS and r ¼ 0.48, P ¼ 8.8 � 10�8 for VAS, respectively;

the corresponding P values of Jonckheere-Terpstra tests

were 3.1 � 10�4 and 9.5 � 10�9, respectively; Figure 8D

and E).

For women with AM and without, the tissue stiffness corre-

lated positively with the uterine size (r ¼ .68, P < 2.2 � 10�16;

Figure 8F). There was no apparent relationship between tissue

stiffness and the maximal fibroid size (Figure 9A). However,

fibroids having hyaline degeneration had lower tissue stiffness

(P ¼ .001; Figure 9B). A multiple linear regression analysis

incorporating age, parity, preoperational use of hormonal ther-

apy, amount of menses, severity of dysmenorrhea, maximal

fibroid size, and hyaline degeneration as covariates indicated

that the fibroid stiffness was associated negatively with both

age and hyaline degeneration (P ¼ .034 and P ¼ 1.8 � 10�6,

respectively; R2 ¼ 0.31), even though marginally age did not

seem to correlate with the lesional stiffness (r ¼ �0.15, P ¼
.22; Figure 9C).

For patients with UF, no apparent relationship was found

between the lesional stiffness and the amount of menses (P ¼

Figure 5. Scatter plot of lesional stiffness versus (A) the extent of lesional fibrosis, (B) E-cadherin staining levels, (C) a-SMA staining levels, (D)
ER-b staining levels; (E) progesterone receptor staining levels, and (F) the extent of fibrosis versus PR expression ratio in patients with
adenomyosis. The dashed line represents the regression line. The number shown is the correlation coefficient, along with the symbol showing
the levels of statistical significance. *P < .05; **P < .01; ***P < .001. The spot with a red circle indicates that that data point was an outlier and
was removed from calculation of correlation coefficient. ER-b indicates estrogen receptor b; PR, progesterone receptor; a-SMA, a-smooth
muscle actin.
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.85), or the severity of dysmenorrhea (P ¼ .44, by Jonckheere-

Terpstra test), or between the maximal fibroid size and the

amount of menses (P ¼ .83), or the severity of dysmenorrhea

(P ¼ .22, by Jonckheere-Terpstra test). However, fibroids with

hyaline degeneration were associated with heavy menses (P ¼
.015). A multiple logistic regression analysis incorporating age,

parity, preoperational use of hormonal therapy, maximal

fibroid size, and hyaline degeneration as covariates indicated

that the hyaline degradation was associated positively with

heavy menses (P ¼ .013; AIC ¼ 66.1).

In CM, tissue stiffness appeared to increase with age, but the

correlation coefficient was low and did not reach statistical

significance (r ¼ 0.11, P ¼ .23; Figure 9D).

Discussion

In the last decade, growing numbers of ultrasonic diagnostic

instrument manufacturers have added ESG to their ultrasound

systems, and today, the majority of them offer some sort of

elastography or tissue stiffness imaging on their products.39

Given the need for accurate diagnosis of AM and of

differentiate diagnosis of AM and UF, and given in particular

our recent understanding that AM lesions are wounds under-

going ReTIAR that progress progressively to fibrosis through

EMT, FMT, and SMM,11-14 TVESG is well suited for diagnos-

ing AM, especially for differential diagnosis.

Our study demonstrates that TVESG is superior to conven-

tional TVUS for these purposes. Moreover, the correlation

between lesional stiffness and lesional expression levels of hor-

monal receptors such as ER-b and PR strongly suggests the pros-

pect of using the TVESG findings to guide the choice of the best

treatment modality for the patient since the action of progesterone

is mediated through PR. Apparently, higher lesional stiffness

would have lower PR expression, which means that the patient

would be less likely to respond to progestin treatment. The close

correlation between lesional stiffness and expression levels of

markers of EMT, FMT, and the extent of fibrosis in lesions under-

scores the fact that the ReTIAR theory captures the essence of the

natural history of AM lesions, and TVESG images simply provide

an estimate as how advanced the lesion has progressed.

Our data consistently show that the stiffness of AM lesions

is significantly higher than that of fibroid tissues, which in turn

Figure 6. Scatter plot of lesional stiffness versus (A) the extent of lesional fibrosis in patients with adenomyosis (maroon-colored dots) and
uterine fibroids (purple-colored dots), (B) E-cadherin staining levels, (C) ER-b staining levels, (D) progesterone receptor staining levels in
patients with adenomyosis (maroon-colored dots) and control myometrium (olive drab-colored dots). The dashed line represents the regres-
sion line. The number shown is the correlation coefficient, along with the symbol showing the levels of statistical significance. *P < .05; **P < .01;
***P < .001. The spot with a red circle (B, C, and D) indicates that data point was an outlier and was removed from calculation of correlation
coefficient. ER-b indicates estrogen receptor b.
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is significantly higher than that of normal myometrium. Since

the content and composition of the ECM determine the tissue

stiffness, and since our data are consistent with the well-

documented higher collagen I, III, and V in fibroids as com-

pared with that of normal myometrium,40-44 especially col-

lagen I,42,43 which is the toughest collagen among all types

of collagens. Using the data shown by Iwahashi and Mura-

gaki,41 the average ratio of intensity of type I collagen in the

quantification of protein in fibroids was 0.59 versus 0.48 in

normal myometrium, and for type V collagen, 0.13 versus

0.06, yielding a ratio of 1.23 and 2.17 for type I and type V

collagens. Based on our data presented, the ratio of the average

tissue stiffness in fibroids versus normal myometrium was 1.74

for the IHC data set and 1.96 for the validation data set, roughly

in agreement with the protein data reported in the study by

Iwahashi and Muragaki.41

The higher stiffness in AM lesions than in fibroids may stem

from the fact that, unlike fibroids, AM lesions undergo

ReTAIR, resulting in progressive EMT, FMT, SMM, and fibro-

sis.13,14 Consequently, AM lesions may have more abundant

collagen I fibers, rendering lesions stiffer than fibroids.

The positive correlation between lesional stiffness and uter-

ine size in women with AM is consistent with the data corro-

borating the ReTAIR theory, since AM stromal cells are

progressively transdifferentiated into smooth muscle cells due

to the TGF-b1,11,13,14 resulting in increased smooth muscle cell

population and thus uterine size.

We note that there are still ample rooms for improvement

for diagnosing AM using TVESG. First, the stiffness measure,

that is, LFI, we used in this study is a built-in stiffness mea-

surement implemented in the Hitachi machines that is dis-

played automatically after the ROI is positioned. Even

Figure 7. A, Scatter plot of tissue stiffness of the uterine fibroids versus the maximal size of the fibroid in patients with uterine fibroids. The
purple-colored dots represent data from patients with uterine fibroids only, whereas the maroon-colored dots represent data points from
patients with uterine fibroids and coexisting adenomyosis. B, Box plot of the maximal fibroid size among patients with and without coexisting
adenomyosis. C, Box plot of tissue stiffness in uterine fibroids among patients with and without coexisting adenomyosis. D, Scatter plot of tissue
stiffness of the uterine fibroids versus the extent of fibrosis in patients with uterine fibroids. The purple-colored dots represent data from
patients with uterine fibroids only, whereas the maroon-colored dots represent data points from patients with uterine fibroids and coexisting
adenomyosis. The dashed line represents the regression line. The number shown is the correlation coefficient, along with the symbol showing
the levels of statistical significance. ***P < .001.
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though LFI correlated nicely with the extent of lesional fibro-

sis, it was designed to measure liver fibrosis, not the extent of

fibrosis in AM per se. Hence, it may not be perfectly optimal

for measuring uterine stiffness. Even for quantification of

liver fibrosis, the strain ESG technology is still evolving rap-

idly.45 Second, this study used strain ESG, in which the tissue

stiffness measurement reading may depend on the amount of

pressure that the operator makes on the transducer. Other ESG

method, such as the shear wave ESG, that induces and moni-

tors shear wave propagation in tissues and reports a quantita-

tive value directly related to the stiffness might be less

operator dependent.

TVESG is ideally suitable for noninvasive diagnosis of AM

and also for differential diagnosis. Aside from its ability to spot

AM lesions in small uteri as we experienced, its stiffness mea-

surement is unaffected by the menstrual phase. The lesional

stiffness correlated highly with the extent of lesional fibrosis

and the severity of symptoms. In addition, the lesional stiffness

correlates positively with ER-b expression levels but nega-

tively with the PR expression levels. The latter finding indi-

cates that, with increased lesional stiffness indicative of higher

fibrotic content, the lesions are not likely to be responsive to

progesterone due to increased ER-b expression and reduced PR

expression.46 Since increased extent of lesional fibrosis is also

associated with decreased vascularity and more progressive

epigenetic changes,47 these patients are unlikely to be respon-

sive to hormonal treatment. In other words, TVESG not only

provides a more accurate diagnosis of AM than conventional

TVUS but also provides additional information that can be used

to decide the best treatment modality for the patient. Of course,

future studies are needed to see whether this inference is true or

not.

Our finding that AM lesions are about 2.6-fold higher stiff-

ness than that of healthy myometrium is consistent with the

report using shear wave elastography, which reports that the

mean stiffness in AM and control groups was 72.7 kPa and 24.4

kPa, respectively, or about 3.0-fold difference.27

Our experience with the TVESG indicates that it is partic-

ularly suitable for diagnose patients with AM co-occurring

with or without UF, or those with AM but with a smaller uterus.

The colored display also is very intuitive, often giving the

operator an instant spotting of a suspected AM lesion. Since

lesional stiffness essentially captures the developmental stage

of the lesion, we know immediately as how advanced the

lesional developmental stage is. By the same ReTAIR theory,

TVESG can be also used for diagnosing deep endometriosis

since the 2 conditions share the hallmark of cyclic bleeding and

the same developmental course11,36,47,13 as has been shown to

be feasible.48

Our results are somewhat different from those by Frank

et al26 who report that the “lesion index” in fibroids are twice

as high as that of healthy uterine tissues but the index in AM is

about half as that of as healthy tissues. Different machines

aside, there are several notable differences. First, their index

was defined as the maximum ratio of ROI3 versus ROI4 (ie,

lesion index ¼ max (ROI3/ROI4)), where ROI3 was placed in

healthy homogeneous tissue and ROI4 was placed on an equal

level in a myoma or an area of AM (but left undefined for

normal uteri). By careful parsing the definition of their “lesion

index,” it is apparent that the index is roughly the inverse of the

Table 2. Characteristics of Recruited Patients With Adenomyosis or Uterine Fibroids and Without (Controls) for the Second Part of This
Study.

Item Control (n ¼ 130) Adenomyosis (n ¼ 112) Uterine Fibroids (n ¼ 67)
Statistical

Significancea

Age, years Mean (SD) ¼ 39.4 (6.5) Mean (SD) ¼ 41.4 (6.1) Mean (SD) ¼ 41.2 (6.8) .027
Median (range) ¼ 39.5 (25-50) Median (range) ¼ 42.0 (29-52) Median (range) ¼ 43.0 (25-52)

Menstrual phase
Proliferative 74 (56.9%) 75 (67.0%) 40 (59.7%) .26
Secretory 56 (43.1%) 37 (33.0%) 27 (40.3%)

Parity
0 21 (16.2%) 16 (14.3%) 10 (14.9%) .53
1 82 (63.1%) 73 (65.2%) 49 (73.1%)
�2 27 (20.7%) 24 (21.4%) 8 (11.9%)

Severity of
dysmenorrhea

None 121 (93.1%) 12 (10.7%) 53 (79.1%) <2.2 � 10�16

Mild 8 (6.2%) 17 (15.2%) 11 (16.4%)
Moderate 1 (0.8%) 28 (25.0%) 3 (4.5%)
Severe 0 (0.0%) 55 (49.1%) 0 (0.0%)

Visual Analog Scale
scores on
dysmenorrhea

Mean (SD) ¼ 0.12 (0.53) Mean (SD) ¼ 5.49 (2.75) Mean (SD) ¼ 0.66 (1.38) <2.2 � 10�16

Median (range) ¼ 0 (0-4) Median (range) ¼ 6 (0-9) Median (range) ¼ 0 (0-5)

Uterus size, cm3 Mean (SD) ¼ 54.2 (17.9) Mean (SD) ¼ 186.2 (132.3) NA NA
Median (range) ¼ 51.0 (21.1-93.1) Median (range) ¼ 141.5 (51.7-761.0)

Abbreviations: NA, not applicable; SD, standard deviation
a*P < .05; **P < .01; ***P < .001; NS: P > .05. Wilcoxon rank test was used for age while for other data Fisher exact test was used.
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lesional stiffness of either fibroids or AM relative to their adja-

cent myometrial stiffness. With this interpretation, their result

is that the lesional stiffness in AM (relative to their adjacent

myometrium) is the highest, followed by the control uteri, and

is the lowest in fibroids. With this interpretation, the relative

AM stiffness is 2.7-fold higher than control uteri, which is

remarkably similar to our number. However, their finding that

the relative fibroids stiffness is merely 0.45 of that control uteri

is surprising and apparently is at odds with the well-known fact

that fibroids are related to excessive production and deposition

of stiff, disorganized, and exceptionally stable ECM, which

should be stiffer than normal myometrium.49 Second, they used

ratios of stiffness in 2 ROIs in the uteri to define stiffness, in

contrast to the stiffness on 1 ROI that we used in this study,

which was evaluated as a single measurement and has been

well tested in the setting of liver fibrosis. Intrinsically, the ratio

of 2 random variables may be more difficult to quantify than a

single one. In addition, their use of the maximum means that

the minimum lesional stiffness relative to myometrium is pre-

sented, and the minimum lesional stiffness may not useful for

the choice of the best treatment modality since it is conceivably

the maximum lesional stiffness determines the most advanced

lesional development stage, which may determine the respon-

siveness to medication.

Our study has some limitations. First, the sonographer was

not blinded, and there might have been some selection bias

Figure 8. A, Box plot of tissue stiffness, as measured by TVESG, in different tissue groups for the confirmation data set. B, Scatter plot of lesional
stiffness versus uterine size in patients with adenomyosis. The dashed line represents the regression line. The number shown is the correlation
coefficient, along with the symbol showing the levels of statistical significance. C, Box plot of lesional stiffness in women with adenomyosis who
reported light/moderate amount of menses and heavy menses. D, Box plot of lesional stiffness in women with adenomyosis who reported
different severity of dysmenorrhea on the Verbal Descriptor Scale. E, Box plot of lesional stiffness in women with adenomyosis who reported
different severity of dysmenorrhea on the Visual Analog Scale. F, Scatter plot of lesional stiffness versus uterine size in patients with adenomyosis
(maroon-colored dots) and uterine fibroids (purple-colored dots). The dashed line represents the regression line. The number shown is the
correlation coefficient, along with the symbol showing the levels of statistical significance. *P < .05; **P < .01; ***P < .001. TVESG indicates
transvaginal elastosonography.
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due to the choice of patients who already underwent TVUS

evaluation. However, with 22 years of gynecologic sonogra-

phy experience under her belt, these biases are unlikely to

affect her diagnosis or impact on our conclusions. Second,

the lack of histologic confirmation in the second part of

our study may contain some misclassification. However,

given the report that the accuracy of TVUS-based diagnosis

of AM is on par with that of MRI,50 which is widely accepted

for diagnosis, the majority of diagnosed cases had to be

correct, especially in the hands of a veteran sonographer.

Again, some misclassification, if exists, is not likely to change

our conclusions.

In summary, we found TVESG is superior to conventional

TVUS in diagnosing AM and in differential diagnosis of AM

and UF. In addition, lesional stiffness as measured by TVESG

correlates closely with the extent of lesional fibrosis, and with

expression levels of markers of EMT and FMT, and also of

hormonal receptors. The lesional stiffness also correlates with

the severity of symptoms in patients with AM . These data

demonstrate that TVESG not only can diagnose AM more

accurately than conventional TVUS and instantly provides an

assessment of the developmental stage of the lesions but also

may be used to guide the choice of the best treatment modality

for the patient. Future studies are warranted to search for an

optimal algorithm and provide an estimate of the sensitivity

and specificity of TVESG.

Authors’ Note

Xishi Liu, Ding Ding, and Yunyun Ren contributed equally to this

work. SWG conceived and designed the study, performed data anal-

ysis and data interpretation, and drafted the manuscript. Ding Ding

carried out all IHC and histologic analyses, Xishi Liu provided tech-

nical and clinical guidance to and also oversaw the project, and

Yunyun Ren carried out all imaging analyses and diagnostics. All

participated in writing and approved the final version of the

manuscript.

Acknowledgments

The authors thank Dr Fang Wu from the Shanghai Branch of the

Hitachi Company for loaning the ultrasound machine to us and her

expert assistance.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to

the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support for

the research, authorship, and/or publication of this article: This work

Figure 9. A, Scatter plot of tissue stiffness of the uterine fibroids versus the maximal size of the fibroid in patients with uterine fibroids. B, Box
plot of tissue stiffness between fibroids with and without hyaline degeneration in women with uterine fibroids. C, Scatter plot of tissue stiffness
of the uterine fibroids versus age in patients with uterine fibroids. D, Scatter plot of tissue stiffness in myometrium versus the age of the control
subjects who were healthy.

Liu et al 15



was supported in part by grants 81471434 (SWG), 81530040 (SWG),

81771553 (SWG), and 81370695 (XSL) from the National Science

Foundation of China.

Supplementary Materials
Supplementary material for this article is available online.

References

1. Bergeron C, Amant F, Ferenczy A. Pathology and physiopathol-

ogy of adenomyosis. Best Pract Res Clin Obstet Gynaecol. 2006;

20(4):511-521.

2. Levgur M, Abadi MA, Tucker A. Adenomyosis: symptoms, his-

tology, and pregnancy terminations. Obstet Gynecol. 2000;95(5):

688-691.

3. Louis LS, Saso S, Chatterjee J, Barsoum E, Al-Samarrai M. Ade-

nomyosis and infertility. Reprod Biomed Online. 2012;24(5):586;

author reply 587.

4. Li X, Liu X, Guo SW. Clinical profiles of 710 premenopausal

women with adenomyosis who underwent hysterectomy. J Obstet

Gynaecol Res. 2014;40(2):485-494.

5. Vercellini P, Vigano P, Somigliana E, Daguati R, Abbiati A,

Fedele L. Adenomyosis: epidemiological factors. Best Pract Res

Clin Obstet Gynaecol. 2006;20(4):465-477.

6. Benagiano G, Habiba M, Brosens I. The pathophysiology of uter-

ine adenomyosis: an update. Fertil Steril. 2012;98(3):572-579.

7. Leyendecker G, Bilgicyildirim A, Inacker M, et al. Adenomyosis

and endometriosis. Re-visiting their association and further

insights into the mechanisms of auto-traumatisation. An MRI

study. Arch Gynecol Obstet. 2015;291(4):917-932.

8. Grow DR, Filer RB. Treatment of adenomyosis with long-term

GnRH analogues: a case report. Obstet Gynecol. 1991;78(3 pt 2):

538-539.

9. Bragheto AM, Caserta N, Bahamondes L, Petta CA. Effectiveness

of the levonorgestrel-releasing intrauterine system in the treat-

ment of adenomyosis diagnosed and monitored by magnetic reso-

nance imaging. Contraception. 2007;76(3):195-199.

10. Farquhar C, Brosens I. Medical and surgical management of ade-

nomyosis. Best Pract Res Clin Obstet Gynaecol. 2008;20(4):

603-616.

11. Zhang Q, Duan J, Liu X, Guo SW. Platelets drive smooth muscle

metaplasia and fibrogenesis in endometriosis through epithelial-

mesenchymal transition and fibroblast-to-myofibroblast transdif-

ferentiation. Mol Cell Endocrinol. 2016;428:1-16.

12. Zhang Q, Liu X, Guo SW. Progressive development of endome-

triosis and its hindrance by anti-platelet treatment in mice with

induced endometriosis. Reprod Biomed Online. 2017;34(2):

124-136.

13. Liu X, Shen S, Qi Q, Zhang H, Guo SW. Corroborating evidence

for platelet-induced epithelial-mesenchymal transition and

fibroblast-to-myofibroblast transdifferentiation in the develop-

ment of adenomyosis. Hum Reprod. 2016;31(4):734-749.

14. Shen M, Liu X, Zhang H, Guo SW. Transforming growth factor

b1 signaling coincides with epithelial-mesenchymal transition

and fibroblast-to-myofibroblast transdifferentiation in the devel-

opment of adenomyosis in mice[published online February 2016.].

Hum Reprod. 2016;31(2):355-369.

15. Harada T, Khine YM, Kaponis A, Nikellis T, Decavalas G, Tani-

guchi F. The impact of adenomyosis on women’s fertility. Obstet

Gynecol Surv. 2016;71(9):557-568.

16. Hasdemir PS, Farasat M, Aydin C, Ozyurt BC, Guvenal T, Pekin-

dil G. The role of adenomyosis in the pathogenesis of preeclamp-

sia. Geburtshilfe Frauenheilkd. 2016;76(8):882-887.

17. Shwayder J, Sakhel K. Imaging for uterine myomas and adeno-

myosis. J Minim Invasive Gynecol. 2014;21(3):362-376.

18. Meredith SM, Sanchez-Ramos L, Kaunitz AM. Diagnostic accu-

racy of transvaginal sonography for the diagnosis of adenomyo-

sis: systematic review and metaanalysis. Am J Obstet Gynecol.

2009;201(1):107.e1-e6.

19. Tamai K, Koyama T, Umeoka S, Saga T, Fujii S, Togashi K.

Spectrum of MR features in adenomyosis. Best Pract Res Clin

Obstet Gynaecol. 2006;20(4):583-602.

20. Dueholm M, Lundorf E, Hansen ES, Sorensen JS, Ledertoug S,

Olesen F. Magnetic resonance imaging and transvaginal ultraso-

nography for the diagnosis of adenomyosis. Fertil Steril. 2001;

76(3):588-594.

21. Stewart EA. Clinical practice. uterine fibroids. N Engl J Med.

2015;372(17):1646-1655.

22. Shiina T, Nightingale KR, Palmeri ML, et al. WFUMB guidelines

and recommendations for clinical use of ultrasound elastography:

part 1: basic principles and terminology. Ultrasound Med Biol.

2015;41(5):1126-1147.

23. Cosgrove D, Piscaglia F, Bamber J, et al. EFSUMB guidelines

and recommendations on the clinical use of ultrasound elastogra-

phy. Part 2: clinical applications. Ultraschall Med. 2013;34(3):

238-253.

24. Tessarolo M, Bonino L, Camanni M, Deltetto F. Elastosonogra-

phy: a possible new tool for diagnosis of adenomyosis? Eur

Radiol. 2011;21(7):1546-1552.

25. Stoelinga B, Hehenkamp WJ, Brolmann HA, Huirne JA. Real-

time elastography for assessment of uterine disorders. Ultrasound

Obstet Gynecol. 2014;43(2):218-226.

26. Frank ML, Schafer SD, Mollers M, et al. Importance of transva-

ginal elastography in the diagnosis of uterine fibroids and adeno-

myosis. Ultraschall Med. 2016;37(4):373-378.

27. Acar S, Millar E, Mitkova M, Mitkov V. Value of ultrasound

shear wave elastography in the diagnosis of adenomyosis. Ultra-

sound. 2016;24(4):205-213.

28. Wyatt KM, Dimmock PW, Walker TJ, O’Brien PM. Determination

of total menstrual blood loss. Fertil Steril. 2001;76(1):125-131.

29. Dasharathy SS, Mumford SL, Pollack AZ, et al. Menstrual bleed-

ing patterns among regularly menstruating women. Am J Epide-

miol. 2012;175(6):536-545.

30. Ferraz Z, Nogueira-Martins N, Nogueira-Martins F. Adenomyo-

sis: back to the future? Facts Views Vis Obgyn. 2017;9(1):15-20.

31. Van den Bosch T, Dueholm M, Leone FP, et al. Terms, definitions

and measurements to describe sonographic features of myome-

trium and uterine masses: a consensus opinion from the Morpho-

logical Uterus Sonographic Assessment (MUSA) group.

Ultrasound Obstet Gynecol. 2015;46(3):284-298.

32. Tatsumi C, Kudo M, Ueshima K, et al. Non-invasive evaluation of

hepatic fibrosis for type C chronic hepatitis. Intervirology. 2010;

53(1):76-81.

16 Reproductive Sciences XX(X)



33. Tatsumi C, Kudo M, Ueshima K, et al. Noninvasive evaluation of

hepatic fibrosis using serum fibrotic markers, transient elastogra-

phy (FibroScan) and real-time tissue elastography. Intervirology.

2008;51(suppl 1):27-33.

34. Fujimoto K, Kato M, Kudo M, et al. Novel image analysis method

using ultrasound elastography for noninvasive evaluation of hepa-

tic fibrosis in patients with chronic hepatitis C. Oncology. 2013;

84(suppl 1):3-12.

35. Ding D, Liu X, Duan J, Guo SW. Platelets are an unindicted

culprit in the development of endometriosis: clinical and experi-

mental evidence. Hum Reprod. 2015;30(4):812-832.

36. Zhang Q, Duan J, Olson M, Fazleabas A, Guo SW. Cellular

changes consistent with epithelial-mesenchymal transition and

fibroblast-to-myofibroblast transdifferentiation in the progression

of experimental endometriosis in baboons. Reprod Sci. 2016;

23(10):1409-1421.

37. Gompel C, Silverberg SG. The corpus uteri. In: Gompel C,

Silverberg SG, eds. Pathology in Gynecology and Obstetrics.

Philadelphia, PA: Lippincott; 1994:163-283.

38. Nie J, Lu Y, Liu X, Guo SW. Immunoreactivity of progesterone

receptor isoform B, nuclear factor kappaB, and ikappabalpha in

adenomyosis. Fertil Steril. 2009;92(3):886-889.

39. Sarvazyan A, Hall TJ, Urban MW, Fatemi M, Aglyamov SR,

Garra BS. An overview of elastography—an emerging branch

of medical imaging. Curr Med Imaging Rev. 2011;7(4):255-282.

40. Stewart EA, Friedman AJ, Peck K, Nowak RA. Relative over-

expression of collagen type I and collagen type III messenger

ribonucleic acids by uterine leiomyomas during the proliferative

phase of the menstrual cycle. J Clin Endocrinol Metab. 1994;

79(3):900-906.

41. Iwahashi M, Muragaki Y. Increased type I and V collagen expres-

sion in uterine leiomyomas during the menstrual cycle. Fertil

Steril. 2011;95(6):2137-2139.

42. Iwahashi M, Muragaki Y, Ikoma M, et al. Immunohistochemical

analysis of collagen expression in uterine leiomyomata during the

menstrual cycle. Exp Ther Med. 2011;2(2):287-290.

43. Carrino DA, Mesiano S, Barker NM, Hurd WW, Caplan AI.

Proteoglycans of uterine fibroids and keloid scars: similarity in

their proteoglycan composition. Biochem J. 2012;443(2):

361-368.

44. Leppert PC, Baginski T, Prupas C, Catherino WH, Pletcher S,

Segars JH. Comparative ultrastructure of collagen fibrils in uter-

ine leiomyomas and normal myometrium. Fertil Steril. 2004;

82(suppl 3):1182-1187.

45. Gersak MM, Lupsor-Platon M, Badea R, Ciurea A, Dudea SM.

Strain elastography (SE) for liver fibrosis estimation – which

elastic score to calculate? Med Ultrason. 2016;18(4):481-487.

46. Bulun SE, Monsavais D, Pavone ME, et al. Role of estrogen

receptor-beta in endometriosis. Semin Reprod Med. 2012;

30(1):39-45.

47. Liu X, Zhang Q, Guo S-W. Histological and immunohistochem-

ical characterization of the similarity and difference between

ovarian endometriomas and deep infiltrating endometriosis.

Reprod Sci. 2017:1933719117718275.

48. Schiffmann ML, Schafer SD, Schuring AN, et al. Importance of

transvaginal ultrasound applying elastography for identifying

deep infiltrating endometriosis—a feasibility study. Ultraschall

Med. 2014;35(6):561-565.

49. Malik M, Norian J, McCarthy-Keith D, Britten J, Catherino WH.

Why leiomyomas are called fibroids: the central role of extracel-

lular matrix in symptomatic women. Semin Reprod Med. 2010;

28(3):169-179.

50. Andres MP, Borrelli GM, Ribeiro J, Baracat EC, Abrao MS, Kho

RM. Transvaginal ultrasound for the diagnosis of adenomyosis:

systematic review and meta-analysis. J Minim Invasive Gynecol.

2017:S1553-4650(17):31113-31115.

Liu et al 17



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


