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Abstract 

 Uterine fibroids, endometriosis, and adenomyosis are gynecological disorders causing significant 

symptoms and have clinical struggles around diagnosis and treatment planning. The tissue changes 

associated with these disorders may support assessment via ultrasound shear wave elastography (SWE), 

an imaging method that estimates tissue stiffness. This dissertation examined the feasibility of 

gynecological SWE for the in vivo assessment of uterine tissues. Specifically, this thesis evaluated: 1) the 

validity and reliability of endoprobe SWE stiffness measured in tissue mimicking materials (TMMs), 2) 

the validity of indentation testing in TMMs, 3) the impact of indentation parameters on the agreement 

between indentation stiffness and stiffness parameters measured by SWE, and 4) the reliability of and 

confounders on in vivo SWE of the uterus. 

 First, to establish the reliability and validity of gynecological endoprobe SWE stiffness measures, 

31 homogenous TMM phantoms were manufactured with a range of elastic moduli. SWE stiffness was 

measured at 1cm, 3cm, and 5cm depths using a linear, curvilinear, and endo- SWE probes. Quasi-static 

ramp compression stiffness was the validity benchmark. Phantom moduli ranged from 17.10 kPa to 

88.12 kPa. Endoprobe SWE stiffness reliability was excellent at all depths, however endoprobe SWE 

validity was poorer at 1cm depths than that of both the linear and curvilinear probe. The validity of 

endoprobe SWE stiffness was lower at the 3cm depth compared to the 1cm depth, and outcomes were 

not valid at the 5cm depth.  

 Second, to establish the validity of indentation testing as a benchmark standard for SWE 

applications, indentation testing was conducted in TMM phantoms under a series of testing parameters 

with quasi-static ramp compression used as the benchmark. The best agreement between indentation 

and ramp compression outcomes was observed at low strain ranges with the lowest testing rate 

(0.01Hz). Higher strains required different material model and geometry parameters to improve validity. 

Regardless, indentation and ramp compression outcomes were highly correlated. It is recommended 
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that researchers match testing parameters to in vivo loading conditions, while using this work to support 

material model and sample geometry selection.  

 Third, to identify the optimal indentation testing parameters to maximize agreement between 

SWE and indentation stiffness, several loading strain, loading rate, sample geometry, and indentation 

models were evaluated in TMM phantoms. Findings showed strong relationships between indentation 

and SWE stiffness outcomes, regardless of testing conditions. It is recommended to match loading 

parameters to in vivo conditions. Small sample geometries and low indentation rates appeared to 

optimize agreement between indentation and SWE outcomes.  

 The fourth and final study of this dissertation examined the in vivo reliability of uterine SWE. 

Institutional research ethics board approval was obtained (20170872-01H, H-08-18-790) and data were 

acquired from 32 participants with no active uterine disorders. SWE reliability was good to excellent, 

except in the anterior myometrium, where poor reliability was attributed to difficulty standardizing SWE 

sites between days. Phase in the menstrual cycle did not impact SWE outcomes. Site depth exhibited 

significant correlations with stiffness for multiple cases and heterogeneity in uterine stiffness was 

observed across sites. Anecdotal observations of confounding factors require further investigation. 

 The findings of this thesis suggest that quasi-static flat-tip indentation testing is a suitable 

benchmark standard to validate SWE under a variety of parameters. However, endoprobe SWE of the 

uterus does not appear to be valid at target depths of 3cm and beyond. Even at depths less than 3cm, 

linear or curvilinear probe SWE outperformed endoprobe SWE. Results suggest that further 

development of endoprobe SWE for uterine applications is required prior to clinical investigation of 

gynecological SWE for diagnostic and treatment planning purposes. 
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1 Introduction 

 Overview 
Uterine fibroids (UFs), endometriosis, and adenomyosis are gynecological disorders that can 

cause significant symptoms including excessive bleeding, gynecological pain, and infertility [1]–[7]. These 

disorders are highly prevalent, with prevalence estimated to be between 10% and 30% of 

premenopausal women, depending on the disorder [1], [2], [14], [5], [7]–[13]. UFs are benign tumors of 

the myometrium [8], endometriosis is the extra-uterine growth of endometriotic cysts and/or lesions 

[6], and adenomyosis is the growth of endometrial glands deep in the myometrium causing myometrial 

hypertrophy and/or hyperplasia [15]. All of these disorders are associated with clinical struggles around 

diagnosis and/or treatment planning [4], [6], [23]–[25], [7], [16]–[22]. Further, these three disorders can 

co-occur, further confounding clinical decision making [6], [7], [26].  

Changes to the microscopic structure of healthy tissue (i.e. histology), such as those associated 

with UFs, endometriosis, or adenomyosis, can lead to different distributions of deformations under 

mechanical loading [27], [28], [37]–[40], [29]–[36]. This is the mechanical basis of assessment via manual 

palpation, which is used by physicians to identify regions of abnormal tissue stiffness that may be 

indicative of pathology. Similarly,  ultrasound elastography (UE) is used to estimate soft tissue 

mechanical response (e.g. stress, strain) or mechanical properties (e.g. elastic modulus) using ultrasound 

imaging (USI) during quasi-static or dynamic deformations of the tissue [41]–[46]. Shear wave 

elastography (SWE), a particular type of UE, has been developed to non-invasively estimate the elastic 

modulus of soft tissues from the dynamic deformation of the tissues. SWE involves the excitation of 

shear waves in soft tissues; the elastic modulus is then estimated using the relationship between shear 

wave velocity and mechanical properties of the tissues, combined with a series of assumptions [47]. 
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While preliminary investigations of SWE for gynecological applications show promise [48]–[56], 

systematic investigations of gynecological SWE lag behind other SWE applications [57], [58], [67]–[70], 

[59]–[66]. There have been several studies attempting to validate SWE stiffness estimates acquired 

using linear [71]–[76] and curvilinear [77]–[80] SWE probes. However, SWE endoprobes, which have a 

unique geometry, center frequency, and SWE excitation sequences, have been largely ignored in the 

SWE validation literature. In a systematic search of the peer reviewed SWE validation literature, only a 

single study was found to have investigated the validity of SWE estimates acquired using an endoprobe. 

In this study,  Cao et al. 2013 [81] detailed the performance of an SWE endoprobe for measuring the 

stiffness of phantoms made of tissue mimicking materials (TMMs). However, the generalizability of the 

findings is limited as the sample included SWE measurements in only five targets. In fact, five TMM 

phantom targets appears to be the standard sample size threshold for validating UE in the literature 

[71]–[75], [77]–[80]. This may be due to the limited number of targets available in commercially 

available standardized phantoms [71]–[75], [77]–[80] and the time and expertise required for 

manufacturing custom phantoms in-house [82]–[87]. Regardless, these small sample sizes combined 

with the small stiffness ranges often investigated in the SWE validation literature provide an incomplete 

picture of SWE validity.  

In vivo testing and phantom validation of SWE both require some type of mechanical bench 

testing to act as a criterion standard. There are many mechanical tests that support the estimation of 

material stiffness, each of which can be implemented with a variety of testing parameters (loading rate, 

loading amplitude, specimen geometry, material model). This can yield a wide range of possibilities for 

mechanical testing benchmarks used in the validation of SWE [71], [72], [88]–[94]. The flat-tip 

indentation test is an accessible, economical, non-destructive mechanical testing method that addresses 

limitations around surgical tissue sampling procedures (e.g. minimally invasive approaches in which the 

tissue may be cut into smaller pieces), geometrical irregularities (e.g. non-uniform tissue resection), 
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sample geometries (e.g. surgical restrictions), and intact state (e.g. pathology restrictions) that are 

particularly relevant to fresh tissue testing [88]. Yet to date, the validity of indentation testing and the 

confounding impacts of testing parameters have seen relatively little investigation for SWE applications 

[88], [95]. Further, there has been no investigation of optimal indentation testing parameters for the 

validation of SWE. 

SWE may have the potential to realize optimized treatment planning for uterine pathologies [37], 

[39], [55], [96], [97]. However, the omission of gynecological endoprobe data from the SWE validation 

literature [71]–[80], the lack of adequate sample sizes including the relevant range of target stiffnesses  

[71]–[75], [77]–[80], and the lack of consideration of the impact of mechanical testing parameters on 

the validitation models for  SWE [95] pose a problem for the valid interpretation of endoprobe SWE 

data. The studies described in this dissertation aim to determine if tissue stiffness, non-invasively 

measured by endoprobe SWE, is a feasible method for the in vivo assessment of uterine tissues. This 

research is an essential first step to ultimately improve our ability to apply SWE to diagnose and direct 

treatment for uterine pathologies, including UFs, adenomyosis and endometriosis. 
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2  Background 

 The Uterus and Uterine Fibroids 

 Uterine Anatomy and Uterine Adnexa 

The uterus, fallopian tubes, ovaries, and vagina are the female internal genital organs (Figure 1). 

The central organ in the system is the uterus, a hollow muscular organ that generally resembles an 

upside-down pear shape. The nulliparous uterus measures ~7.5 cm in length, ~5 cm in width, and ~2 cm 

in thickness, and weighs ~90 g, while multigravida uteri increase in length and weight with increasing 

parity [181], [329]. Superiorly, the fallopian tubes, which are ~10 cm long, extend out bilaterally from 

the superior region of uterus. The fallopian tubes open into peritoneal cavity bilateral to the uterus and 

conduct the ovum from the ovary to the uterus each month during childbearing years. The ovaries are 

located adjacent to the openings of the fallopian tubes on each side of the uterus. The ovaries, which 

are 2-4 cm long and almond-like in shape, are the female gonads, and contain approximately 400,000 

follicles (i.e. fluid filled sacs) at puberty [181], [315]. The ovarian follicles are fluid filled sacs that secrete 

reproductive hormones and produce the ova [181], [315].  At the inferior region of the uterus, the 

vagina connects the uterine ostium, superiorly, to the vulvar vestibule, inferiorly, at the introitus. The 

vagina is a ~7-9 cm long musculomembranous tube, which is posterior to the urethra and anterior to the 

rectum [181]. The internal female genital system develops from a pair of tubes which grow together 

during fetal development in utero and is essentially mirrored with two ovaries, two fallopian tubes, and 

a uterus which is somewhat symmetrical about its longitudinal axis, though mild asymmetries are more 

common [330]. 
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Figure 1 Mid-frontal plane diagram of the uterus, fallopian tubes, ovaries, vagina and some support ligaments. Reproduced from [181] © 2006, 
with permission from Wolters Kluwer Health, Inc. 

 

 

Figure 2 Mid-sagittal plane diagram showing the position of a uterus showing (A) normal anteversion and anteflexion, (B) excessive anteflexion, 
(C) retroversion, and (D) retroversion with retroflexion. Reproduced from [181] © 2006, with permission from Wolters Kluwer Health, Inc. 

 

In nulliparous women, the uterus sits inferior to the pelvic brim and is generally anteverted and 

anteflexed so that its anterior surface rests on the bladder, and its posterior surface is adjacent to the 

sigmoid colon superiorly and the rectum inferiorly (Figure 2). Anatomically, the uterus has two main 
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regions. The body, or corpus, of the uterus forms the superior two thirds of the organ, while the inferior 

third of the uterus is the ~2.5 cm long cervix [181]. At the junction between the uterine body and cervix 

is a ~1 cm narrowing of the uterus, which is called the isthmus (Figure 1) [181]. The fundus of the uterus 

is the rounded superior region of the organ above the uterine horns (uterine ostium, proximal tube 

opening), where orifices of the fallopian tubes are located. The body of the uterus has a cavity, which is 

slit-like, measuring ~6 cm in length, and extends up from the cervix to the fundus, the superior-posterior 

end of the organ [181]. The cervix and cervical canal are a tubular continuation of the uterus and uterine 

cavity and open to the vagina at the external ostium (external os) of the uterus. 

 

Figure 3 The body of the uterus is composed of three layers: the perimetrium, the myometrium, and the endometrium. Reproduced from [331] 

with the permission of Dr. Peter Takizawa. 

 

The uterine body is composed of three layers: the perimetrium, the myometrium, and the 

endometrium (Figure 3, Figure 4). The perimetrium or uterine serosa, which is the thin outer membrane 

of the uterus, is composed of peritoneum supported by a thin layer of connective tissue [181]. The 

myometrium, which is the middle layer of the uterine body, is the location of the main blood vessels and 
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nerves in the uterus. Myometrial tissue is composed mainly of organized myometrial smooth muscle 

cells (SMCs), vascular SMCs, and fibroblasts [294], [332]. At the isthmus of the uterine body, 50-60% of 

the tissue is composed of concentrically organized smooth tissue, acting similar to a sphincter [329]. This 

ratio is supported experimentally by Wu et al. [294], who found that tissue  from unspecified regions of 

the myometrium consisted of 61.2 ± 14.9% myometrial SMCs (n=51).  

 

 

Figure 4 The endometrium is composed of two layers: the functional layer and the basal layer. Reproduced from [333], [334] with permission 

from the Human Protein Atlas. 

 

The endometrium, the innermost layer of the uterus, is composed of two layers or stratum: the 

inferior basal layer and the superficial functional layer (Figure 3, Figure 4). The basal layer, which makes 

up the deeper one-third of the endometrium, attaches the functional layer to the myometrium and 

exhibits minimal morphological changes over the menstrual cycle [329]. The basal layer is composed of 

endometrial stroma, a layer of connective tissue, the terminal ends of glands present in the functional 

layer, and spiral arteries that supply the functional layer [329]. The functional layer, which makes up the 

superficial two-thirds of the endometrium, undergoes changes over the menstrual cycle. The functional 
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layer includes a single layer of columnar epithelium and contains the majority of the glands in the tissue, 

which respond to hormonal changes throughout the menstrual cycle [329]. In contrast to the uterine 

body, the cervix is made of mostly fibrous tissue and is mainly made of collagen with a small amount of 

smooth muscle and elastin, and the structure itself is lined by columnar and squamous epithelium [181], 

[329]. The cervix is composed of only ~15% smooth muscle, which is located mainly in the endocervix 

[329]. 

It should be noted, that the myometrium has been described in the literature as having an inner 

“junctional” zone, which is adjacent to the cervix, and an outer zone [335]. Similar to the endometrium, 

the structure and function of the junctional zone changes profoundly with hormonal fluctuations 

associated with the menstrual cycle [335]. In contrast, there are no cyclic changes in steroid receptors or 

structure of the outer myometrium [335]. Junctional myometrial tissue is characterized by high cell 

density, low cytoplasm to nucleus ratio, and differences in ECM composition with respect to the outer 

myometrium [335]. 

The uterus is supported by passive and active structures in the peritoneal cavity. Among the 

many ligaments and fascia supporting the internal female genital organs are the broad ligament of the 

uterus, the round ligament of the uterus, and the ligament of the ovary. The broad ligament of the 

uterus is a double layer of peritoneum (mesentery) and attaches the uterus to the lateral walls and floor 

of the pelvis. The round ligament of the uterus attaches the uterus, anteroinferiorly at the fallopian tube 

junction, to the pubis via the inguinal canal. The ligament of the ovary connects the ovary to the uterus, 

at a point posteroinferior to the fallopian tube junction (Figure 1). The cervix, which is the least mobile 

part of the uterus [181], receives additional passive support from the transverse cervical and uterosacral 

ligaments. The pelvic floor also provides passive and active support to the internal female genital 

organs. Dynamic support of the organ is provided by active contraction of the pelvic floor during tasks 

that increase intra-abdominal pressure, while resting tone provides passive support.  
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 Uterine Fibroids 
Uterine fibroids (UFs; a.k.a. myoma, leiomyoma, leiomyomata) are the most common 

gynecological tumors, with women exhibiting a cumulative incidence of 70% – 80% by the age of 50 [8], 

[9], [293], [306], [340]. Although these tumors are benign, 20% – 50% of women with UFs experience 

significant symptoms [1], [2], [12], including menstrual abnormalities (e.g. heavy and prolonged 

bleeding), iron deficiency anemia, bladder and/or bowel obstructions, abdominal protrusion, pelvic pain, 

and infertility [1], [2], [12], [341], [342]. Symptomatic UFs are estimated to cost the health care system 

$9,319 per patient, per year [343], not to mention indirect symptom-related costs, such as losses in 

productivity [2], [12] estimated at $2,399 – $15,549 annually per patient [344], and the well 

documented negative impacts UFs can have on women’s quality of life [2], [12], [345], [346].  

 

2.1.2.1 Macroscopic Characterization of Uterine Fibroids 

Generally, on gross examination, typical UFs are spherical and firm, white or tan in color, and cut 

surfaces exhibit a heterogeneous whorled trabecular pattern [347]–[349] (Figure 5a). The    

“pseudocapsule”, a thin fibro-neurovascular collagenous sheath, surrounds the UF and separates it from 

adjacent normal myometrium [350]. The vascularity of UFs supports maintenance and growth [351], 

[352] (Figure 5) however, these masses can easily outgrow their blood supply (more common in UFs 

≥5cm in size) which leads to degenerative changes [348], [349], [353]. As the UF grows, the blood supply 

may become insufficient, oxygen deprivation to cells may occur, and interstitial edema (hydropic 

swelling), visible on medical imaging, is sometimes a precursor to degeneration [349], [354]. Edema is 

present in approximately 50% of all UFs [347] and if vascular insufficiency continues, more marked 

degenerative changes to the UF tissue may occur. Most UFs exhibit at least regions of degeneration 

[349] and degeneration may be visible on gross examination (Figure 5) or pockets can be so small that 

they are only visible microscopically [347].  
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Figure 5 Images of uterine fibroids with various gross presentations A) typical, B) cystic, C) calcific, D) red (hemorrhagic, carneous, 

telangiectasic), E) myxoid, and F) lipoleiomyoma (i.e. fatty, adipose). Images A) [355], B) [356], C) [357], E) [358] reproduced with author 

permission. Images (D), (F) reprinted from [359] ©2018 with the permission of Springer Nature.  

Despite the dearth of information on UF degenerative changes in the literature, the general 

consensus is that UF degeneration manifests in several common types: hyaline fibrosis, cystic 

degeneration, myxoid degeneration, hemorrhagic degeneration, calcification, fatty deposition, and 

necrosis [349], [353], [354], [360], [361]. Hyaline degeneration, which is present in more than 60% of 

UFs [8], [347], [349], is marked by zones of amorphous translucent or white hyalinized collagenous 

tissue [347]. Cystic degeneration, liquefactive necrosis forming cyst cavities of varying sizes, is thought 

to occur in 4% of cases, perhaps as an extreme sequela of localized edema [354], [362], [363]. Myxoid 

degeneration, difficult to differentiate from cystic degeneration [349], [354], [360], [364], yields soft 

translucent lesions in which bundles of smooth muscle cells (SMCs) are separated by regions of mucoid 

ECM [347], [354]. Obstruction of UF drainage veins can lead to massive hemorrhagic infarction or 

coagulative degeneration of the UF [354], [360], and accounts for approximately 10% of cases [347], 

manifesting as coagulative necrosis of the lesion.  
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Figure 6 Abdominal hysterectomy showing the uterus with a large fundal fibroid (top left), the single enucleated fibroid (bottom left), and an 

angiographic image showing the hypervascularization of the fibroids with large supplying blood vessels. Reproduced from [350] © 2015 with 
permission from Springer Verlag. 

 

Other forms of degeneration exist at much lower prevalence. Calcification, a dense amorphous 

degenerative change thought to be a sequela of hyaline [354] or red degeneration [354], [360], occurs in 

4% of cases and is difficult to differentiate from hyaline degeneration [347], [349], [354], [360]. 

Lipoleiomyoma, or fatty degenerated UFs, which may in fact be neoplastic rather than degenerative 

[365]–[367], are composed of an admixture of smooth muscle, adipose, and fibrous tissue and have a 

prevalence of between 0.2% and 2% [354], [360], [366], [367]. While typical UFs often contain single 

scattered fat cells [347], lipoleiomyoma are a specific subclass of UFs which contain larger clusters of 

adipocytes [365]. Necrosis, cell death which may precede hyaline degeneration, is often found in UFs 

and may appear as self-contained zones of necrotic tissue surrounded by hyaline eosinophilic collagen 

[347]. Regardless of the variability in histological presentation, to date UFs are only classified by their 

location within the uterus [368] and their size (Section 9.1.1.1). Macroscopic characteristics of UFs are a 
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function of the microscopic organization of the UF tissues [347]–[349], which may relate to behavior of 

the pathology or response to treatment [369], [370]; however, there are currently no methods in place 

to assess the macroscopic properties of UFs until after surgical excision.  

 
Figure 7 Hematoxylin eosin stain of a normative uterine fibroid tissue with spindle shaped cells, uniform nuclei (purple), and abundant 

cytoplasm (pink). Reproduced from [347] ©2004 with permission from Springer Nature. 

 

2.1.2.2 Microscopic Characterization of Uterine Fibroids 

UF composition is generally characterized as disordered spindle-shaped myometrial SMCs 

embedded in abundant fibrous ECM, which is present in substantially higher amounts in UFs (~50% 

more) compared to adjacent myometrium [350], [371], [372] (Figure 7). While “virtually all in vitro and 

gene profiling studies to date have treated UF tumors as a homogeneous population consisting of an 

SMC phenotype” [332], UFs also contain vascular SMCs [294], [332] and populations of somatic stem 

cells (~1% of all cells in UFs) [373]. Further, fibroblasts also constitute a main cellular component of UFs 

that may contribute to ECM production and maintenance [294], [332], [374], [375]. Sparse numbers of 

granulocytes, monocytes, macrophages, and endothelial cells have also been identified in some UFs, 

though their mass appears to be negligible compared to the mass contribution of myometrial SMCs and 

fibroblasts [294]. Despite this heterogeneity in the cellular composition of benign UFs, evidence suggests 

that most UFs are still monoclonal in origin [297], [332], [376] and the primary cellular components of 
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UFs appear to be uterine SMCs and fibroblasts [294]. It should also be noted that UFs can exhibit unique 

microscopic characteristics depending on their region of origin in the myometrium (Section 9.1.1) [350].  

Uterine tumors can have “normal” presentation on gross examination, yet exhibit abnormal 

microscopic characteristics with histological staining [377]. Microscopic findings, including differentiated 

cell type, necrosis, atypia, mitotic index, and cell density [347], may provide insight into a uterine 

tumor’s potential for malignancy [347], [377], [378], karyotype abnormalities [298], [371], or perhaps 

response to treatment [369]. The differentiated cell type of a uterine tumor is important: tumors 

composed primarily of spindle-shaped myometrial SMCs are less likely to be malignant, while tumors 

composed of round or polygonal-shaped epithelioid SMCs are more likely to be malignant [347]. While 

both tumors have eosinophilic cytoplasm (i.e. stained easily by eosin), epithelioid leiomyoma can have 

clear cytoplasm (Figure 8). 

 
Figure 8 Hematoxylin eosin stain exhibiting clear cell variant of epithelioid leiomyoma. Reproduced from [347] ©2004 with permission from 

Springer Nature. 

 

Thresholds for necrosis, atypia, the mitotic index, and cell density, can also provide relevant 

insight into the behavior of a UF [347]. Necrosis, which differs from apoptosis, can be identified on gross 

examination as a clear region of yellow tissue, or microscopically as a central region of necrosis 

surrounded by hyalinized fibrosis (hyaline eosinophilic collagen) (Figure 8, Figure 9) [347]. Cytologic 

atypia is identified with histologic staining as a combination of pleomorphism (i.e. variable cell nuclei 

shape, size, staining) and hyperchromatism (i.e. cell nuclei stain dark) (Figure 10) [347]. A high mitotic 
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index is defined as at least 20 mitotic factors (MF) per 10 high power fields (HPF) [347]. MFs are 

identified as cells undergoing the process of mitosis (i.e. usually visible in metaphase, anaphase, 

telophase) (Figure 11) [119], [347], [379]. High cell density is simply the presence of a large number of 

cells per square unit with respect to some control region or tissue and is often characterized by small 

cells, minimal cytoplasm, and reticulin fibers that run parallel to the fascicles of cells (Figure 11) [347], 

[369]. Microscopic characteristics of tissues may provide insight into UF behavior or response to 

treatment.  

 
Figure 9 Hematoxylin eosin stain exhibiting a zone of necrosis (N), surrounded by hyalinised collagen (H), and finally viable spindle-shaped 

uterine fibroid cells. Reproduced from [347] ©2004 with permission from Springer Nature. 

 

 
Figure 10 Hematoxylin eosin stain exhibiting atypia (irregularity), hyperchromasia (dark color), and a high mitotic index of the nuclei (purple), 

respectively. Reproduced from [347] ©2004 with permission from Springer Nature. 

 
Figure 11 Hematoxylin eosin stain exhibiting leiomyoma tissue with marked hypercellularity. Reproduced from [347] ©2004 with permission 

from Springer Nature. 
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 Overview of Ultrasound Elastography 
Manual palpation has been used by clinicians to detect dysfunction and pathology of human 

tissues since Hippocrates [122]. Through manual palpation, a skilled clinician can accurately measure the 

size of the uterus [123], assess cervix readiness for labor [124], [125], and clinically stage cervical 

carcinoma [126]. Indeed, certain prostate and breast malignancies exhibit much higher stiffness than 

unaffected tissues [113] and, in many cases, the mechanical properties of tissues have been linked to 

function, composition, and state (i.e. normal, benign, malignant) [54], [55], [106], [113], [127]. However, 

in most applications, palpation is limited to the assessment of superficial tissues [43], depends 

significantly on clinical experience [128]–[133], and exhibits low sensitivity [133]–[135]. As such, 

elastography, the use of biomedical imaging to provide non-invasive measures of tissue stiffness, has 

become a promising modality for the diagnosis and monitoring of pathologies [47], [136], [137]. 

The term elastography originally described the estimation of local strain induced in tissue from 

axial shifts in US echo arrival time after an applied quasi-static deformation [138]. Elastography involves 

using internal or external applied force(s) to cause local tissue deformations. Local mechanical 

properties are then estimated from these local tissue displacements, measured using medical images 

taken pre-, peri-, and/or post-deformation. Elastography may be performed using USI, magnetic 

resonance imaging (MRI), optical coherence tomography, X-ray computerized tomography (CT), and 

more [138]–[141]. This overview will specifically discuss ultrasound elastography (UE). 

The different types of UE can be classified based on the elastic parameter that is being 

estimated or based on the type of excitation. In terms of classification by elastic parameters, UE 

techniques can be subdivided into three major types [43]. The first type, strain imaging, estimates strain 

or displacement of soft tissues in the axial direction (i.e. along the US beam) [138]. Outcomes for strain 

elastography are usually reported as strain ratios (SRs), a ratio of the strain in the affected and 

unaffected tissues [55], [56], [85], [142], [143]. Quasi-static strain imaging relies on strain arising from 
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compression/relaxation of the tissues. The second type, stress imaging, uses combined position-

pressure sensors to measure superficial stress and strain patterns in tissues [144], [145]. The third type, 

modulus imaging, estimates the elastic modulus of the tissues using two possible techniques. The 

modulus can be calculated using estimates of tissue deformation and boundary conditions of the 

deformation combined with assumption of the stress distribution to solve an inverse problem. 

Alternatively, in shear wave elastography (SWE), acoustic radiation force (ARF) is used to create 

propagating shear waves in the tissues and the elastic modulus is estimated based on the relationship 

between the shear wave velocity and mechanical properties in the tissue, with an assumption of 

constant tissue density. SWE involves the use of (Equation 1) [47], where c𝑠, is the shear wave velocity, 

𝐸 is Young’s modulus of the tissue, 𝜌 is the density of the tissue, and 𝑣 is Poisson’s ratio of the tissue. 

Incompressibility is a simplifying assumption often used for soft tissues, due to their high water content, 

and is appropriate for characterizing macroscopic properties in cases where fluid exchange is negligible 

[146]. Assuming that soft tissue is incompressible (𝑣 = 0.5), Equation 1 becomes a simple relationship 

between the elastic modulus and shear wave velocity (Equation 2). 

 c𝑠 = √
𝐸

2𝜌(1 + 𝑣)
 (1) 

 𝐸 = 3𝜌c𝑠
2  (2) 

   

 Alternatively, the different types of UE can be classified based on the type of excitation used to 

elicit deformations in the tissues. UE operating by steady-state quasi-static excitation employs single or 

multiple quasi-static tissue deformation stages [138], [147] or steady-state quasi-static low-frequency 

excitation (1-10Hz) [148]–[150] to deform the tissues. UE employing harmonic steady-state excitation 

operates in the 10-1000Hz frequency range and excitation is applied by either an external loading source 

[151] or using a highly localized, low-frequency (kHz) dynamic acoustic radiation force (ARF) field [152]. 
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Transient excitation in UE employs impulse loads, either a single impulse or repeated impulses (i.e. 

pulsed excitation), to deform the tissues [43]. In methods developed thus far, impulse excitation has 

been delivered by ARF [153], [154], while pulsed excitation has been delivered by ARF [115] or external 

electromagnetic vibrators [155]. Regardless of its nature, transient excitation generates shear waves: 

low speed waves with short wavelengths whose velocity can be related to the mechanical properties of 

the tissue (Equation 1). For this reason, many UE methods are grouped under the heading of shear wave 

elastography (SWE). Conversely, physiologic excitation in UE employs excitations of tissue deformation 

arising from naturally occurring (physiologic) sources (e.g. respiration [156], cardiac pulsation [157], 

[158], vascular pulsation [159]). 

SWE is a specific type of UE which aims to improve upon other UE techniques that rely upon 

bulky external vibrators or manual palpation for tissue excitation [64], [115], [160], [161] and is better 

able to cope with heterogeneities in the focal region [64], [162]. It has been rapidly adopted for 

diagnosis and monitoring of liver fibrosis [57]–[62] and in the detection and differentiation of breast 

tumors [63]–[70]. Preliminary results suggest that SWE may have utility in the detection, diagnosis, and 

monitoring of gynecological conditions including uterine polyps, UFs [48]–[52], and cancers [49], [53], 

[54]. UE has promising potential for screening uterine masses [52], [54]–[56] and thus SWE may be 

useful in differentiating UF subtypes to aid in treatment planning and to improve outcomes [52], [54], 

[55], but further investigation is required 

 

 SuperSonic Shear Imaging 

 Overview of SuperSonic Shear Imaging 

Supersonic Shear Imaging (SSI, Aixplorer, SuperSonic Imagine, Aix-en-provence, France) is a type 

of SWE developed by Bercoff et al. [207] to improve upon the limitations of other forms of UE. SSI 

employs transient pulsed ARF to create remote moving dipolar acoustic sources. Due to the motion of 
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these acoustic sources, constructive interference occurs to yield quasi-plane shear waves of larger 

amplitude (~100um in phantoms, ~40um in vivo) than other UE modalities (Figure 12). Ultrafast USI (up 

to 3000Hz) captures the motion of the plane shear waves in the tissue and correlation-based techniques 

are used to measure the speed of shear wave propagation in the tissue. Assuming incompressibility (𝑣 =

0.5), isotropy, and a uniformly linear elastic, infinite, homogeneous medium (𝜌 = 1
𝑔

𝑐𝑚3 = 1000
𝑘𝑔

𝑚3), 

Equation 2 is applied to calculate the modulus in a specific region of interest (ROI). SSI generates a 2D 

map of tissue stiffness (i.e. elastic modulus) in the ROI in less than 30 ms with a comparatively rapid 

frame rate of 1Hz [64], [163]. 

 
Figure 12 Supersonic Shear Imaging: the dipolar acoustic radiation force (ARF) source is sequentially moved along the ultrasound beam axis 

and constructive interference yields planar shear waves of larger amplitude. Reproduced, with permission, from [115]. © 2004 IEEE 

 

 Reliability of Supersonic Shear Imaging  

The within- and between-day and intra- and inter-observer reliability of SSI has been reported in 

a variety of populations and under a variety of conditions. Reliability of SSI is often quantified using 

intraclass correlation coefficients (ICCs), a reliability metric computed as a ratio of variability in the 

outcome measure to the estimated biological variability in the population [164]. Depending on the 

application, reliability may be considered poor (ICC<0.40), fair (0.40<ICC<0.60), good (0.60<ICC<0.75), or 

excellent (0.75<ICC) [105]. Generally, SSI has been found to yield excellent within-day and within-rater 

reliability and good to excellent between-day and between-rater reliability. In a study of breast 
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phantoms, SSI measures of mean stiffness exhibited excellent intra-observer (0.70 ≤ ICC ≤ 0.94) and 

inter-observer (ICC = 0.82) reliability [103]. Considering a range of healthy and pathological human 

tissues in vivo, reliability of SSI, ranges from 0.75 to 0.95 within-day [99]–[101], [165] and 0.63 to 0.84 

between-days [99], [101], [165]. Within- and between-rater reliability of SSI, quantified using ICCs, 

ranges from 0.75 to 0.98 [100], [101], [165], [166] and 0.65 to 0.97 [99]–[101], [165], [166], respectively. 

The reliability of SSI has yet to be evaluated in healthy or pathological uterine tissues, however Peralta 

et al. [167] found the reliability of SSI to measure cervix stiffness, using Cronbach’s alpha (Cα) as an 

outcome, to range from 0.897 to 0.941 within-rater and 0.861 to 0.936 between-raters.  

 

 Validation of Supersonic Shear Imaging 

2.3.3.1 Phantom Studies 

SSI is quoted to have an estimation accuracy equal to the larger of ±30% or 3kPa [108]. These 

estimation accuracy values are derived from testing on a single rectangular polymer phantom (CIRS049 

Quality Assurance Elasticity Phantom, CIRS, Norfolk, USA) with no phantom structures to simulate 

endocavity UE testing. Further, the CIRS phantoms for determining estimation accuracy have only four 

spherical targets over a limited stiffness range (29kPa background; 8.4kPa, 17.7kPa, 47.7kPa, and 

80.1kPa inclusions) [108], which may not be an adequate sample size and stiffness range over which to 

characterize the validity of the system. Further, the units of measure (kPa vs. m/s), depth of the target 

ROI, angle of the imaging probe, and precompression by the imaging probe can all impact the accuracy 

of SSI measurements [71], [73], [81], [107], [168], [169]. While studies of SSI in phantoms, in vivo and ex 

vivo show promising results, specific validation of SSI for evaluating UFs is needed.  

In a phantom that mimicked intra-cavitary imaging of prostate masses, Cao et al. [81] used the 

SSI 2D endoprobe (SE12-3, 3.0 – 12.0MHz) to measure the modulus of an agar phantom with 



20 
 

polyacrylamide (PAA, 2% Al2O3) inclusions at depths of 64.0 mm, 52.4 mm, 43.8 mm, and 36.6 mm and a 

silicone inclusion at 30.6 mm depth. The stiffness of these targets measured by SSI were 84.6±26.8 kPa, 

93.8±4.4 kPa, 78.9±5.8 kPa, 86.2±4.5 kPa at the respective depths. The stiffness of the inclusions was 

also compared to quasi-static mechanical compression testing (1-2 N preload, 2 mm amplitude) for the 

36.6mm deep PAA target and for the silicone target. SSI measures of these two targets’ stiffnesses were 

86.2±4.5 kPa and 271.5±25.7 kPa, respectively. Mechanical testing measured the targets’ moduli to be 

104.3±5.6 kPa and 297.3±6.7 kPa, respectively [81]. While the deepest target exhibited the largest 

standard deviation in SSI measures, there was good agreement in the mean stiffness measured across 

the four depths and good agreement between SSI and mechanical testing. This is expressly important, as 

the depth of penetration of the SE12-3 endoprobe is only quoted as 2.5 to 30 mm [108], however the 

system appears to perform well in a cavitary phantom model, as long as measures are averaged across 

multiple trials. Unfortunately, Cao et al. [81] did not report the number of measures taken at each 

depth. 

Shin et al. [73] studied the effect of target depth and USI transducer on SSI measures of a 16.9 

kPa (v𝑆𝑊𝐸 ≈ 2.37 m/s) liver fibrosis phantom (model 039, CIRS Inc., Norfolk, VA, USA) using the SC6-1 

curvilinear probe (1.0 – 6.0MHz) and the SL10-2 linear probe (2.0 – 10.0MHz). Shear wave velocity was 

measured in the phantom using each probe at 2 cm, 3 cm, 4 cm, and 5 cm depths and 15 measurements 

were taken at each depth. Using the curvilinear probe, SSI measures of v𝑆𝑊𝐸  were 2.37±0.05 m/s, 

2.00±0.00 m/s, 1.90±0.00 m/s, and 1.98±0.04 m/s at the four respective depths. Using the linear probe, 

SSI measures of v𝑆𝑊𝐸 were 1.80±0.00 m/s, 1.89±0.03 m/s, 1.90±0.00 m/s, and 1.99±0.05 m/s at the four 

respective depths. The transducers were found to yield significantly different measures at both 2 cm and 

3 cm depths, but not at 4 cm or 5 cm depths. While there were significant differences in v𝑆𝑊𝐸  between 

measures acquired by the different transducers at the two shallower sites and across the four sites for 

both probes, the coefficient of variation (𝐶𝑉 =
𝜎

𝜇
∗ 100%) was 2% or less for all conditions. While these 
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results suggest that transducer type and target depth may impact v𝑆𝑊𝐸, low CVs suggest that SSI may 

still perform well in a larger study where between-patient variability exceeds depth or probe effects. 

The low number of trials in this study limits its applicability. 

Many smaller phantom-based studies have also shown some potential for SSI to be used as a 

clinical and research tool. Widman et al. [170] studied six phantom models of plaques on the carotid 

artery (nsoft=3, nhard=3) and compared SSI measures of shear modulus (G) to mechanical tensile testing in 

soft plaques (5.8±0.3 kPa and 3.3±0.5 kPa, respectively) and in hard plaques (106.2±17.2kPa and 

98.3±3.4kPa, respectively). Dillman et al. [74] conducted a small phantom study of SSI at superficial 

depths (≤4.0cm), using the SL10-2 (2.0 – 10.0MHz) and SL15-4 (4.0 – 15.0MHz) SSI linear probes. 

Measures of v𝑆𝑊𝐸  in both probes were affected by the depth of the target; however, measures were 

consistent across probes and there was no operator effect [74]. Franchi-Abella et al. [75] used a 

standardized phantom (model 049, CIRS, Norfolk, VA, USA) with targets ranging from 12 kPa to 74 kPa 

and found that SSI yielded CVs less than 4% at all targets [75]. However, findings from this study also 

showed that stiffness measures changed when the ROI position was more superficial or deep, with 

respect to an inclusion [75]. More recently, a study of SSI using standardized phantoms (model 049 & 

049a, CIRS, Norfolk, VA, USA) found that measures of stiffer phantoms had lower precision (80 kPa 

target, 18.05 kPa error), while measures taken on lower stiffness targets yielded higher precision 

(<30kPa targets, <1kPa error) [77]. The same study found no consistent relationship in terms of accuracy 

or precision and target depth [77]. 

2.3.3.2 Tissue Studies 

Ex vivo studies of human and animal tissues show strong relationships between SSI measures of 

tissue stiffness and various forms of mechanical testing. In a study of 8 fresh porcine patellar tendons 

under tensile loading of up to 10 N, multiple SSI images were captured during loading and correlations 

between experimental and SSI moduli ranged over 0.82≤ρ≤1.00 (p<0.05 in all samples) [166]. Similarly, 
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another study showed significant moderate correlations between SSI measures of rabbit tendon 

stiffness in vivo and both the elastic modulus (r=0.52, p<0.001) and ultimate stress (r=0.58, p<0.001), 

measured in ex vivo tensile testing [171]. In a study of UE for breast cancer, Lee et al. [71] found that 

peak modulus measured in vivo by SSI correlated moderately with elastic modulus measured ex vivo by 

indentation testing [172]. However, Lee et al. [71] also observed that in grade III cancers, which show 

low fibrosis, high cellularity, and necrosis, SSI measures of tissue stiffness were significantly higher than 

indentation measures (p<0.001), compared to results found in grade I and II cancers (p=0.268). Further, 

SSI heterogeneity was correlated with heterogeneity in mechanical elasticity (r=0.469, p=0.009) and 

signal voids were associated with dense collagen depositions or necrosis [71]. Similarly, Ogawa et al. 

[173] conducted a study of liver fibrosis in twenty male rats, which included SSI, mechanical 

compression testing, and liver histology. Findings showed that liver SSI stiffness increased with 

histological inflammation (p=0.002), hepatic fibrosis (p=0.029) and ballooning (p=0.012), which is a type 

of liver parenchymal cell death [173]. In contrast, compression test measures of tissue stiffness 

increased only with increasing histological fibrosis (p=0.033) [173].  

Findings from the literature continue to show that there is a moderate to strong relationship 

between in vivo SSI measures of tissue stiffness and ex vivo mechanical testing outcomes. In many 

cases, SSI is capable of measuring tissue properties reliably [99]–[101], [165], [166], however reliability 

appears to decrease with target depth [107]. Similarly, there appears to be a significant effect of target 

depth on the validity of stiffness measurements taken using linear and curvilinear probes in phantoms 

[73], [77], [78], [107]. Regardless, findings from the literature suggest that SSI may provide some insight 

into histological tissue properties (e.g. inflammation, fibrosis, malignancy [71], [173]). SSI has yet to be 

validated for the assessment of uterine masses and, like other clinical and research applications, 

reliability and validity must first be systematically established.  
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 Limitations of Supersonic Shear Imaging 

2.3.4.1 Assumptions 

Many of the limitations of SSI are tied to the assumptions that allow the calculation of tissue 

stiffness from v𝑆𝑊𝐸. The assumption of a uniform, homogeneous, isotropic, infinite medium is regularly 

violated by anisotropy and heterogeneity of tissues and structures of the body. SSI also assumes 

incompressibility, linear elasticity, and constant density to allow for the calculation of E from v𝑆𝑊𝐸; 

however, it is clear that many soft tissues exhibit a substantial non-linear elastic response in compression 

and tension [54], [174]. The validity of the elasticity assumption may also be questioned in some cases, 

as many tissues exhibit a viscoelastic response to strain, which yields a dependency of v𝑆𝑊𝐸  on 

excitation frequency and parameters [47]. The infinite medium assumption required for SSI calculation 

of tissue stiffness also breaks down in the case of thin tissue layers (e.g. bladder wall, blood vessels) 

[175]. Further, variability in excitation methods and estimation algorithms between different SWE 

systems may limit the translation of knowledge in the field of UE to clinical practice. 

 

Anisotropy: While isotropy is assumed to facilitate the estimation of the tissue stiffness, anisotropy (i.e. 

different properties in different directions) is an inherent property of many human tissues. For example, 

the mechanical properties of uterine tissue may vary depending on the orientation of the muscle fibers 

with respect to the direction of loading [54]. An in vivo study of pig kidneys showed that SSI elasticity 

measures were higher when imaged perpendicular to the main pyramid axis compared to SSI measures 

taken parallel to the main pyramid axis [176]. In another case, the anisotropy measured by SSI, using 

two perpendicular imaging planes, was assessed as a potentially promising indicator of malignancy in 

solid breast lesions [177] and these findings were reproduced in a larger study [178]. Chatelin et al. [179] 

further observed the impact of muscle fiber orientation on SWE outcomes and developed a model to 

reproduce the experimental impact of probe orientation on SSI measures of stiffness in an anisotropic 
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phantom. The model was developed as a tool to enhance our understanding of elastography in 

anisotropic mediums. Further, spatial coherence measured during SSI has also been found to relate to 

anisotropy in bovine skeletal muscle and porcine myocardium [180]. Anisotropy of the tissues and 

structures may have particular relevance in the case of SSI imaging of uterine tissue as uterine 

orientation, and flexion (Figure 13), the mode of imaging (transvaginal vs. transabdominal), and the 

orientation of the imaging probe will all change the orientation of the fibers and borders of the uterus.  

 
Figure 13 While anisotropy is a concern when measuring tissue stiffness by ultrasound elastography, we are also limited by the type of imaging (transabdominal, 

transvaginal), orientation of the uterus, and flexion of the uterus. Reproduced with permission from [181] © 2006 Wolters Kluwer Health, Inc.  

 

Local and Global Heterogeneity: Similar to anisotropy, another concern for measures taken from SSI is 

the heterogeneity (i.e. different properties at different locations) within specific tissues or across 

anatomical structures in the body. Within a lesion, the presence of calcifications, which can increase 

tissue stiffness, or necrosis, which tends to be soft, can bias SSI elasticity estimates [161]. Alternatively, 

in organs adjacent to the bowels, peristalsis can impair SSI quality and limit reproducibility, while gas 

bubbles can cause shadows on USI, thereby decreasing the fidelity of SSI data [161]. Further, fluid and 

subcutaneous fat can attenuate the propagation of shear waves and invalidate measures [182], bringing 

the validity of SSI in obese patients or people with edema into question [183]. UFs are heterogeneous by 

nature, thus precluding our ability to control for this factor during SSI data acquisition. 
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2.3.4.2 Tissue Precompression 

The effect of tissue compression, either static or dynamic, can further confound potentially valid 

measures of tissue stiffness made using SSI [54], [113], [168], [184]–[187]. In cases of non-linear 

elasticity, tissue precompression can shift the operating range on the stress strain curve, causing 

discrepancies in measures of mechanical properties, including the elastic modulus [168], [184], [187] 

(Figure 14). Barr and Zhang [168] developed a semi-quantitative method to assess precompression 

applied by the USI probe, tested using SSI (SL15-4 linear transducer, 4.0 – 15.0MHz). Pre-compression 

was gradually increased from 0% to 45% and measures were taken in a range of tissue types (e.g. 

cancer, fat, necrosis, glandular, fibrous, fibroadenoma). At 0% precompression, the stiffness of all tissue  

 

Figure 14 The linear elastic response of gelatin compared with the non-linear elastic response of various breast tissues. Reproduced with 

permission from [188] © 2009 IEEE. 

 

types except cancer were ~0kPa, the stiffness of all tissues increased with precompression, and all 

tissues yielded stiffness measures of 300kPa by the 40% precompression. Barr and Zhang’s [168] 

method for assess precompression yielded <10% variability across three raters for UE of breast lesions 

[168], however the sample size of the study was small (n=3), there was no quantitative validation of the 

methods, and the compression gradient that occurs with depth may limit the applicability of the method 

[168].  
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In the case of dynamic loading, tissue motion and compression caused by breathing during 

imaging is another concern. Pellot-Barakat et al. [79] investigated this phenomenon by comparing SSI 

measures taken in the liver during free-breathing and apnea. Findings showed that liver stiffness values 

taken during free-breathing and apnea were significantly correlated (r=0.76, p<0.001), however liver  

stiffness measured during free-breathing (range = [1.6 kPa, 27.7 kPa]) was consistently 20% to 25% 

lower than when measured during apnea (range = [2.0 kPa, 60.7 kPa], p<0.001) [79]. Further, SSI ROIs 

contained significantly more signal voids (p<0.001) and exhibited higher temporal variability (p<0.005) 

when acquired during free-breathing (mean % void pixels = 15.24%, mean temporal variability = 1.10 

kPa) compared to apnea (mean % void pixels = 8.17%, mean temporal variability = 0.88 kPa)  [79]. 

Temporal variability was quantified as the mean difference in stiffness across subsequent SWE data 

frames. These findings suggest that SSI stiffness measured during apnea may provide more robust 

outcomes than when collected during free-breathing.  

 

2.3.4.3 Measurements in Thin Tissues 

While large organs (e.g. breast, liver) are well suited to the infinite medium assumption required 

for the calculation of tissue stiffness from shear wave velocity (Equation 2), SSI validity appears to 

decrease in the case of thin tissues (e.g. bladder wall, blood vessels) [175]. Shear waves propagate in 

tissues only at low frequencies (<1000Hz), yielding small wavelengths (>10mm) that are larger than the 

thickness of many thin tissues (e.g. arterial wall <2mm [189]). These relatively large wavelengths in 

relatively thin tissues result in guided mode propagation [190]; the external surfaces of the thin tissue 

act as a wave guide and the shear waves can propagate along multiple paths [191]. Consequently, 

different frequency components of the shear wave packet can propagate with different phase velocities, 

distorting the shape of the wave packet (i.e. dispersion). This wave dispersion invalidates the standard 
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relationship between shear wave velocity and material properties implemented for non-invasive 

estimation of tissue stiffness in SWE.  

To address this limitation of SWE in thin tissues, Couade et al. [191] used a guided wave model 

(Lamb wave model) to relate shear wave dispersion to tissue stiffness in thin phantoms and in the 

carotid artery. Further investigation of elastography implementing guided wave models in vascular 

tissue [191]–[193], the bladder [194], and on tendons [195] has also shown potential. However, shear 

wave dispersion is highly dependent on boundary conditions, geometry, and pre-stress in soft tissues 

[191], [192], [196]–[199]. Thus further development of this methods for estimating the mechanical 

properties of thin tissues from SWE is required [190].  

As an alternative to these complex models, Mo et al. [175] proposed an empirical formula to 

correct SSI estimations of material properties; the corrected elastic modulus was estimated as a function 

of the measured elastic modulus, tissue thickness, and SWE pulse repetition frequency. Finite element 

simulation was used to develop the empirical model and comparison was performed against an anti-

symmetric Lamb wave model. Results showed that the measured Young’s modulus decreased with 

sample thickness in phantoms with thicknesses <15mm.  Finite element modelling suggested that the 

empirical model gave the best agreement for a 600Hz pulse repetition frequency. When the empirical 

model was compared with a finite element model and a Lamb wave model, the three models showed 

good agreement for thicknesses below 5mm, but for thicknesses between 5mm and 15mm, the Lamb 

wave model appeared to underestimate tissue stiffness while the empirical model showed good 

agreement with the finite element simulations. The elastic moduli of the phantoms were never 

measured using mechanical testing, however results from this study suggest that this empirical model is 

a simplified and promising tool for estimating tissue stiffness in thin-walled structures. 
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2.3.4.4 Variability of UE Systems 

Another limitation of SWE is the inter-system variability, which can limit meaningful comparison 

across different UE systems. The Radiology Society of North America (RSNA) has undertaken two 

multisite studies to compare current generation UE systems capable of measuring v𝑆𝑊𝐸  [80], [200]. The 

first study included stiffness measures of 11 custom phantoms (CIRS, Norfolk, VA, USA) taken using five 

different UE systems, including SSI [200]. Measures across SWE systems were in good agreement; SSI 

measures were within the range of dynamic mechanical testing results, but there appeared to be more 

variability in SSI measures with increasing target depth (up to 7.0 cm) [200]. In a follow-up multisite 

study, RSNA members again investigated seven SWE systems capable of measuring v𝑆𝑊𝐸, including SSI, 

using three liver phantoms (models A1, B3, C1, E2297, CIRS, Norfolk, VA, USA) [80]. Findings showed 

that intersystem variability (median v𝑆𝑊𝐸) appeared to increase with depth (17.7% at 7 cm depth), but 

was consistent across all phantoms and did not relate to the stiffness of the target region in the 

phantoms [80].  

More recently, a study comparing SSI and the Siemens UE system (ACUSON S3000TM, Siemens, 

Erlangen, Germany) found a mean difference of 0.37±0.3 m/s (~20±16 kPa) in v𝑆𝑊𝐸  when imaging a 

bovine tendon ex vivo loaded to between 0 N to 18N [201]. There were strong correlations between the 

tangent modulus and both the SSI (0.827≤ 𝑟 ≤0.954, p<0.001) and the Siemens UE system (0.877≤

𝑟 ≤0.915, p<0.001); however, exact values for the tangent modulus were not reported. Another study 

comparing SSI and Siemens (ACUSON S3000TM, Siemens, Erlangen, Germany) SWE systems using 

manufactured phantoms (CIRS, Norfolk, VA, USA) found v𝑆𝑊𝐸  measures in a soft phantom were 

0.84±0.04 m/s and 0.90±0.02 m/s (p=0.003), respectively [74]. In a hard phantom, the systems showed 

good agreement with v𝑆𝑊𝐸  measures of 2.14±0.08 m/s and 2.07±0.03 m/s (p>0.05), respectively [74]. 

There were significant differences between the systems in terms of results acquired using the soft 

phantom, however CVs were low (0.5-6.8%), suggesting that the systems showed somewhat good 

agreement in this specific case [74]. Unfortunately, while the manufacturer of the phantoms was 
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reported (CIRS, Newark, VA, USA), the models and the theoretical stiffness of the material were not 

reported [74].  

 

 In vivo Elastography of Uterine Pathologies 
Elastography has only recently begun to be used for applications in uterine pathologies. The 

majority of studies investigating UF and uterine tissue stiffness using UE to date have used strain 

imaging [48], [52], [56], [142], [143]. However, magnetic resonance elastography (MRE) [202]–[206] and 

SWE [207]–[209] have also been used. Few studies that applied  SSI to the investigation of uterine 

pathologies were identified in the literature [121], [209].  

 

 Strain Elastography 
Indeed, early results when using strain elastography to investigate endometrial pathologies have 

been promising. In 106 women with a thickened endometrium, Gultekin et al. [142] observed good 

intra-operator (ICC=0.633) and inter-operator (ICC=0.649) reliability of strain elastography for measuring 

endometrial tissue stiffness. Findings from this study showed significant differences (p<0.001) in SRs 

between normal endometrium (n=64, mean SR=1.06±0.11), endometrial hyperplasia (n=22, 

SR=0.67±0.10), and endometrial polyps (n=20, mean SR=0.28±0.08). Interestingly, Abdel Latif et al. [210] 

observed higher SRs in typical endometrial hyperplasia (mean SR=1.96, range = [0.90,4.00]) compared to 

Gultekin et al. [142], as well as drastically higher SRs in endometrial carcinoma (n=13, SR=11.40±3.05) 

compared to typical and atypical endometrial hyperplasia (n=32, SR=2.75±1.81). These conflicting results 

between two different studies may be a factor of small sample sizes combined with biological variability 

in material properties of these neoplasms. Alternatively, Abdel Latif et al. [210] did not explicitly define 

their calculation of the SR outcome and may have inverted their SR from the standard format (i.e. 𝑆𝑅 =

𝑢𝑛𝑎𝑓𝑓𝑒𝑐𝑡𝑒𝑑 𝑡𝑖𝑠𝑠𝑢𝑒 𝑠𝑡𝑟𝑎𝑖𝑛

𝑡𝑎𝑟𝑔𝑒𝑡 𝑡𝑖𝑠𝑠𝑢𝑒 𝑠𝑡𝑟𝑎𝑖𝑛
). 
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Strain elastography has also shown promise for the assessment of the myometrium in cases of 

uterine pathologies. In a sample of 10 women, Frank et al. [143] observed excellent intra-operator 

(ICC=0.987) and inter-operator (ICC=0.983) reliability of strain elastography for measuring myometrium  

stiffness. Further, SRs were significantly different between healthy myometrium tissues (n=143, SR=1.19 

[1.07,1.34]), UF tissues (n=41, SR=2.65 [2.12,3.34]), and tissues exhibiting adenomyosis (n=22, SR=0.44 

[0.36,0.46]) [143]. Stoelinga et al. [51] used a qualitative assessment of strain elastography color maps 

from 218 women and found adenomyosis to be softer (“brighter”) than myometrium and UFs to be 

stiffer (“darker”) than myometrium. In contrast to Frank et al. [143], Liu et al. [211] found that SRs in 

women with confirmed adenomyosis (n=112, SR=3.90±1.00) were significantly higher than SRs in 

women with UFs (n=67, SR=2.68±0.66), which were in turn significantly higher than in women with no 

known uterine pathology (n=130, SR=1.54±0.82). In this study, the stiffness of lesions correlated 

positively with uterine size and fibrosis (determined by Masson Trichrome staining) and correlated 

negatively with PrR expression levels [211]. Lesion stiffness also correlated with the severity of 

dysmenorrhea and menses [211]. In a much smaller study ex vivo, Hobson et al. [212] observed that SRs 

were quite different between small UFs (<1.5cm diameter, n=5, SR=1.75±1.14), larger UFs (>1.5cm 

diameter, n=10, SR=2.5±1.15), and endometrial polyps (n=3, SR=0.40±0.05). These findings are 

particularly relevant to the proposed application of SWE in this document, considering that the 

literature suggests that the larger UFs tend to exhibit a specific subtype of genetic mutation [213].  

Strain elastography has also shown promise as a tool for diagnosis and treatment monitoring. In 

a study of 218 women comparing qualitative strain elastography of UFs, adenomyosis, and healthy 

uterine tissue, Stoelinga et al. [51] found that qualitative strain elastography showed excellent 

agreement with MRI and substantial agreement with histology [51]. A smaller study on the qualitative 

assessment of strain elastography in submucosal UFs (n=18) and endometrial polyps (n=29), found 

significantly higher diagnostic accuracy from qualitative strain elastography (89.4%) than USI (70.2%, 
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p=0.0265) and power Doppler (65.9%, p=0.0153) [48]. Moreover, in a study of women undergoing MRI 

guided focussed ultrasound (MRgFUS) treatment, Marigiliano et al. [214] observed a significant 

correlation between the extent of symptom reduction and the decrease in SR post-treatment. The 

reduction in SR was particularly significant in UFs with >70% non-perfused volume [215], where 100% 

non-perfused volume is considered complete ablation of the UF [216]. A few other studies have 

investigated strain elastography for application in uterine pathologies [52], [217], [218], however 

limitations based on study designs (e.g. case reports, lack of comparator, incomplete reporting) limits 

the comparative value of these studies.  

More recently, Sun-Wei Guo’ et al.  have been evaluating shear wave elastography for 

application in uterine pathologies [211]. In a study of 309 women, unaffected myometrium (n=130), UF 

(n=67), or adenomyosis (n=112) tissues were evaluated in vivo using strain elastography and ex vivo 

using histology. Tissue stiffness outcomes for the study were taken using a built-in outcome for 

elastography of the liver: liver function index (LFI; Aloka ARIETTA 70, Hitachi, Tokyo, Japan). LFI is a 

composite measure of several strain characteristics. Their findings showed that the LFI of AM lesions 

(LFI=3.66±1.02) was significantly higher (p<0.001) than that of UF tissues (LFI=2.79±0.69), which, in turn, 

was significantly higher (p<0.001) than that of unaffected myometrium tissue (LFI=1.42±0.59). Tissue LFI 

measured by UE exhibited positive correlations with fibrosis in fibroids (r=0.85, p<0.001) and moderate 

correlations with severity of dysmenorrhea (0.32<r<0.48, p<0.001). There was no relationship between 

fibroid size and LFI (r=-0.09, p=0.69). Multiple linear regression did not show any relationships among 

age, menstrual phase, parity, pre-operative use of hormone therapy, uterine size, or UF size and LFI, 

however linear regression with large numbers of predictors and small sample sizes (n=67) may be 

subject to overfitting and yield spurious results [219]. The clinical and mechanical relevance of the LFI 

outcome to uterine pathologies is unclear. 
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 Magnetic Resonance Elastography 
Magnetic resonance elastography (MRE) is another type of elastography imaging, which includes 

the addition of a phase shift of a “motion sensitive” magnetic-field gradient to standard MRI sequences 

for estimating voxel motion (related to strains and mechanical properties of the tissue). While a detailed 

overview of MRE is beyond the scope of this thesis, in vivo and ex vivo measures of the mechanical 

properties of the uterus are sufficiently rare in the literature and measurements taken by MRE 

measurements of the uterus are included here for reference purposes.  

Stewart et al. [202] assessed the feasibility of MRE for use in cases of UFs and found that the 

mean stiffness of UFs ranged from 3.95 kPa to 6.68 kPa across six patients. A second feasibility study 

found that MRE was able to detect increases in mechanical stiffness of UF tissues after MRgFUS 

treatment, however data were not presented in the abstract [206] and a peer reviewed manuscript 

detailing the study has yet to be published.  Another small study of 11 patients undergoing MRgFUS 

found that a substantial decrease in symptom severity was associated with a reduction in UF tissue 

stiffness [205]. A study of 102 patients by Jondal et al. [208] found that MRE was able to differentiate 

between UFs yielding high intensity T2W signals, signals that were isointense with the myometrium, and 

low intensity signals. This study confirmed prior suspicions that UFs with high intensity T2W  were 

softer, while UFs with low T2W intensity were stiffer [208]. Moreover, the intensity of UFs on MRI has 

been linked to ablation efficiency of MRgFUS, measured by non-perfused volume, and long-term 

reductions in UF volume post-treatment [220]. While, with adequate sample sizes, MRE may have 

potential in treatment planning and monitoring of UFs, the high cost, limited availability, and human 

resource implications (time, skill) pose huge limitations in terms of translation to practice.  

 

 Shear Wave Elastography 
To date, there have been several peer reviewed studies reporting on the potential of SWE for 

application in the evaluation of uterine pathologies (Table 1). Furukawa et al. [221] used SWE to 



33 
 

measure v𝑆𝑊𝐸  in a case of leiomyosarcoma where histological analysis was also performed to 

characterize the tissue (fibrosis, necrosis, viable). Substantial heterogeneity was observed in tissue 

histology and in SWE measures [221]. Viable tissue was associated with high stiffness (v𝑆𝑊𝐸= 4.14±0.22 

m/s), fibrosis was associated with intermediate stiffness (v𝑆𝑊𝐸= 3.71 ±0.66 m/s, v𝑆𝑊𝐸= 2.19±0.0 4m/s), 

and necrosis was associated with low tissue stiffness (v𝑆𝑊𝐸= 1.55±0.26 m/s) [221]. In a larger study 

investigating the feasibility of ARF imaging for the assessment of uterine tissues stiffness, Soliman et al. 

[222] measured shear wave velocity in a sample of 32 women who varied in menopausal status and 

hormonal contraceptive use. Repeated measures taken in the myometrium (v𝑆𝑊𝐸= 2.82±0.77 m/s) and 

endometrium (v𝑆𝑊𝐸= 2.05±0.77 m/s) were consistent at each site, however there was no statistical 

reliability assessment (Figure 15).  

In an study of uterine pathologies using SSI, Zhang et al. [121] found that shear wave velocity of 

the myometrium in women with no pathology (n=16, v𝑆𝑊𝐸=4.3±1.7 m/s) was significantly lower 

(p<0.001) than shear wave velocity in women with MRI diagnosis of myometrial pathology (n=18, 

v𝑆𝑊𝐸=5.7±2.3 m/s). However, once the groups were stratified by diagnosis of adenomyosis (n=6, 

v𝑆𝑊𝐸=4.9±2.5 m/s) or UFs (n=12, v𝑆𝑊𝐸=5.6±2.5 m/s), the statistical difference disappeared [121]. There 

was no significant difference in shear wave velocity measured in UF and adenomyosis tissue (p=0.40) 

[121].  

Similarly, in a  study of 97 women with suspected adenomyosis, using SSI, Acar et al. [209] found 

that tissue stiffness was lower in women with no uterine pathology (n=97, Emean=24.4kPa±2.3 kPa) than 

in women with confirmed adenomyosis (n=39, Emean=72.7kPa±9.9 kPa). Interestingly, there was no 

difference in SSI measures of uterine tissue stiffness between healthy controls and women who were 

suspected of having adenomyosis on USI but had no clinical findings of adenomyosis (n=14, 

Emean=28.3kPa±3.0 kPa). Using a receiver operating characteristics (ROC) curve, a mean stiffness cutoff of 

Emean=34.6k Pa was found to yield a sensitivity of 89.7% and a specificity of 92.9% for the diagnosis of 
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adenomyosis. There have been other studies where SWE was used to differentiate UFs from other 

tissues or to monitor response to treatment, however incomplete reporting limits the applicability of the 

results. Further, the currently available studies are quite preliminary and limited by lack of data 

indicating reliability and validity of SWE in cases of symptomatic UFs. 

 

 

 
Figure 15 Soliman et al.'s [222] ultrasound elastography imaging sites in the midsagittal endometrium and myometrium. Reproduced from [222]  

© 2015 with permission from IOS Press . 
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Table 1 Summary of shear wave elastography findings in the literature measured using Supersonic Shear Imaging (SSI) and acoustic radiation force impulse imaging (ARFI) in women with no 
pathology (aymptomatic), adenomyosis (ADM), uterine fibroids (UFs), or other pathologies. Measurements were taken on lesions, in the myometrium, in the endometrium, or in the cervix. Stiffness 

outcomes were measured using Young’s Modulus (E) or shear wave velocity (cs) and quantified as mean ± standard deviation (std) or median [range]. 

Authors 
UE 

Type 
Sample n Site 

Age Outcome & 
Units 

Outcome 
Statistical Analysis 

Median Range Magnitude Variance 

Acar et al. 
2016 
[209]   

SSI 

Asymptomatic  56 Myometrium 30 [21-45] 
E (kPa)                
median 
[range] 

24.4 [17.9-32.4] 
ADM stiffer than 

asymptomatic & pathology 
group (p<0.05)  

Pathology  
(no ADM) 

14 Lesion 
47 [32-58] 

28.3 [12.7-59.5] 

ADM 39 Lesion 72.7 [22.3-274.2] 
                      

Furukawa 
et al. 2014 

[221] 
ARFI 

Leiomyosarcoma 1 

1cm deep lesion 

70 NA 

cs (m/s) 

mean±std 

4.14 ±0.22 

1cm vs 4cm p<0.05; 1cm vs 
6cm p<0.05; 2cm vs 4cm 

p<0.05  

2cm deep lesion 3.71 ±0.86 

4cm deep lesion 1.55 ±0.26 

6cm deep lesion 2.19 ±0.04 

UF 1 

random site 1 

50 NA 

4.07 ±0.36 

No differences. 
random site 2 3.77 ±0.66 

random site 3 4.1 ±0.40 

random site 4 3.88 ±0.73 
                      

Soliman et 
al. 2015  

[222] 
ARFI Asymptomatic  32 

Myometrium 
42 [19-68] 

cs (m/s) 

mean±std 

2.82 ±0.77 Myometrium stiffer than 
endometrium (p<0.001) Endometrium 2.05 ±0.77 

                      

Zhang et 
al. 2019 

[121] 
SSI 

Asymptomatic 34 Cervix 

36.8 [22-52] 
cs (m/s) 

mean±std 

5.3 ±2.0 
Cervix stiffer than 

myometrium (p=0.04) 

Asymptomatic 14 Myometrium 4.8 ±1.9 
p=0.34 no significant 

difference 
ADM 6 Lesion 4.9 ±2.5 

UF 12 Lesion 5.6 ±2.5 

 

 



 
 

 Mechanical Tissue Testing 
In order to assess the validity and clinical relevance of UE for characterizing soft tissue properties, 

mechanical testing is generally regarded as the gold standard in material characterization [54], [71], 

[72], [89], [106], [113], [172], [186]. Mechanical testing of solid materials involves controlled 

deformation or loading of a material, while measuring force and displacement [127]. These data are 

then incorporated into a mathematical model, where the coefficients in the model may represent 

specific mechanical properties of the material. In order to execute mechanical tissue testing, an 

understanding of the material properties of interest is necessary.  

 Quantifying the Mechanical Properties of Soft Tissues  

A wide range of mechanical tests and mathematical models have been employed in the 

literature to characterize the properties of soft tissues ex vivo. Mechanical testing may be performed to 

characterize the stiffness of material samples globally or locally [89], [106], [186]. In both cases, testing 

may be performed using dynamic or quasi-static testing conditions. Loading during mechanical testing 

can be applied along one axis or biaxially [223], with uniaxial testing generally used for UE applications 

[54], [89], [90], [106], [113], [224]–[227]. Further, a wide array of material models are available for 

characterizing viscoelastic material properties [127], [228]–[230]. 

Tissue testing for UE applications may involve loading the tissues in compression or tension. 

While tensile testing is most appropriate for tissues loaded under tension in vivo (i.e. muscles, tendons, 

blood vessels) [94], [170], [225], [231]–[233], it often requires gripping of the sample, which may result 

in slippage thereby complicating the boundary conditions [88]. Gripping tissues for tensile testing can 

also cause tissue damage, which may not be acceptable for biological specimens [88]. Compressive 

testing is generally used for UE applications in tissues that are not subject to primarily tensile loads in 

vivo, and may take on the form of global ramp compression or local indentation [54], [89], [90], [106], 

[113], [224]–[227]. Global ramp compression of soft tissues is generally regarded as the ideal method for 
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measuring tissue properties, however specimen irregularity, non-uniform surfaces, and small 

geometries may limit the validity of tissue characterization using this approach [88]. Indentation testing 

addresses many of the limitations of tensile and compression testing; a wide array of material models 

are currently used for characterizing material properties by indentation [88], [109], [111], [112], [114]. In 

the literature, several tests and models have been applied for the purposes of UE validation. 

 

2.5.1.1 Dynamic Tissue Testing 

Dynamic tissue testing allows for the characterization of both the elastic and time-dependent 

(i.e. viscoelastic) material properties [54], [89], [90], [106], [113], [224]–[227]. Dynamic mechanical 

testing can be performed locally (e.g. indentation) or globally (e.g. ramp compression). For UE 

applications, dynamic tissue testing usually involves cyclic (sinusoidal) loading of the tissue sample [54], 

[89], [106]. Generally, only small deformations are applied to respect the assumption of linearity; 

however, the deformation range over which linear assumptions are valid varies depending on the tissue 

properties [54], [89], [113]. 

The complex Young’s modulus (E*) [127], [229], with the assumption of linear viscoelasticity and 

isotropy, has been used for many cases of tissue testing in UE applications [54], [83], [89], [106], [186]. 

Christensen’s [229] formulation of the complex modulus, expressed using a Stieltjes integral, has been 

applied for cases of dynamic (sinusoidal) ramp compression and can be simplified to a function of the 

loading frequency (ω), peak-to-peak stress amplitude (σ0), peak to peak strain amplitude (ε0), and the 

phase angle (δ) between the stress and strain curves (Equation 3) [54]. This formulation of the complex 

modulus also allows for quantification of the storage modulus (ES), a measure of the energy storage 

during loading, and the loss modulus (EL), a measure of energy lost between loading and unloading 

(Equation 3) [54]. Alternatively, data may be presented in terms of the magnitude (|𝐸∗(𝜔)|) and phase 

(tan 𝛿), referred to as the loss factor, of the complex modulus [54]. 



38 
 

 𝐸∗(𝜔) =
𝜎0

𝜀0

(cos 𝛿 + 𝑖 sin 𝛿) = 𝐸𝑆 + 𝑖𝐸𝐿  (3) 

 As an alternative, Krouskop et al. [113] performed dynamic (and quasi-static) indentation 

testing on breast and prostate tissues with a sinusoidal displacement control. Their work applied 

Timoshenko and Goodier’s [114], [230] model of a uniform load acting at the surface of a semi-infinite 

linear elastic, nearly incompressible (ν=0.495), isotropic solid to estimate Young’s modulus of breast and 

prostate tissue. This formulation expresses Young’s modulus as a function of Poisson’s ratio (ν), the load 

per unit area (σ; i.e. stress under the indenter tip), the indenter radius (a), and the depth of indentation 

(w; Equation 4). Krouskop et al. [113] applied this model to cases of quasi-static (0.1Hz) and dynamic 

(1Hz, 4Hz) loading rates. This study did not include any quantification of energy loss or hysteresis during 

mechanical tissue testing [113].  

 𝐸 =
2(1 − ν2)𝜎𝑎

𝑤
 (4) 

 For cases of dynamic nano-indentation testing to characterize local mechanical properties of 

soft tissue samples, Herbert et al.’s [234] adaptation of Christensen’s formulation [229] developed for 

viscoelastic solids, has been applied in several studies [89], [106]. This formulation draws on the 

expression of the storage modulus (ES; Equation 5) and the loss modulus (EL; Equation 6), the real and 

complex components of the complex modulus (Equation 3). Based on the parameters of the nano-

indentation test, the storage (Equation 7) and loss modulus (Equation 8) can be expressed in terms of 

Poisson’s ratio (ν), the amplitude of load oscillation (F0), the amplitude of the displacement oscillation 

(h0), the phase lag (δ), the projected contact area of the indenter (A), and a geometry term (β). The 

geometry term is equal to 1 for a circular projected contact area (flat cylinder, sphere, cone indenters) 

and 1.034 for a Berkovich indenter. Similar to Christensen’s formulation [229], mechanical properties 

may be presented in terms of the magnitude (|𝐸∗(𝜔)|) and phase (tan 𝛿) of the complex modulus [89], 

[106]. 
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 𝐸𝑆 =
𝜎0

𝜀0
cos 𝛿 (5) 

 𝐸𝐿 =
𝜎0

𝜀0
sin 𝛿 (6) 

 𝐸𝑆 =
(1 − 𝜈2)√𝜋

2𝛽√𝐴

𝐹0

ℎ0
cos 𝛿 (7) 

 𝐸𝐿 =
(1 − 𝜈2)√𝜋

2𝛽√𝐴

𝐹0

ℎ0
sin 𝛿 (8) 

Dynamic tissue testing allows for thorough observation of a viscoelastic material’s stress-strain 

response, which in turn allows for characterization of material stiffness and viscoelastic behavior. 

However, dynamic testing must be performed under a variety of conditions (e.g. preload, strain 

amplitude, frequency), thereby increasing testing duration, which may decrease the viability of tissue 

samples [127]. As an alternative, quasi-static testing, though unable to characterize viscoelastic 

response, can be used to characterize the mechanical properties of biological tissue with a more rapid 

testing procedure [71], [72], [90]–[92], [94], [172].  

 

2.5.1.2 Quasi-static Tissue Testing 

Quasi-static tissue testing is often used as an alternative to dynamic testing for quasi-static and 

dynamic UE applications. While quasi-static tissue testing does not simulate the high loading frequencies 

observed in SSI [115], it can still provide accurate, efficient, and economical means of material 

characterization [71], [72], [88], [89], [94], [109], [111], [113], [172]. Quasi-static tissue testing has been 

used to characterize global (e.g. ramp compression) [89] or local (e.g. indentation) [71], [72], [172] 

material properties for UE applications. Quasi-static tissue testing may involve cyclic (sinusoidal) loading 

[113] or loading/unloading at a  constant strain rate [89]. Similar to dynamic testing, elastic modulus 

calculations are often made over small deformations to respect linearity assumptions [71], [72], [113], 

[172]. 
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For healthy and pathological uterine tissue, Omari et al. [89] used quasi-static ramp compression 

testing with a constant strain rate (0.1% per second) over large deformations. Substituting these testing 

parameters into Boltzmann’s superposition integral and simplifying yields an expression of the elastic 

modulus as a function of time (t), stress (σ), and strain rate (𝜀̇; Equation 9). Under the assumptions of a 

linear elastic, isotropic material, the elastic modulus was then characterized over small strain amplitudes 

(2%) for comparison with other testing outcomes.  

 𝐸(𝑡) =
1

𝜀̇

𝑑𝜎

𝑑𝑡
 (9) 

Quasi-static indentation testing is also commonly used to characterize soft tissue properties as it 

requires minimal sample preparation, minimizes potential damage to the tissues, and may bypass the 

uniformity and larger geometric requirements of other types of material testing [88]. Zhai et al. [172] 

and Lee et al. [71] used quasi-static indentation testing for local characterization of phantom and soft 

tissue material properties for UE applications. These studies implemented the Snedden [110] model, 

which was popularized by Oliver and Pharr [109] and assumes quasi-static testing conditions to calculate 

the modulus of a homogeneous semi-infinite linear elastic medium under a cylindrical, flat indenter tip 

with a small strain assumption. The definition of a “small” strain was not included in this work. Using the 

analytic solution by Boussinesq [114], the elastic modulus (E) is expressed as a function of the applied 

force (P), the radius of the indenter tip (a), the Poisson’s ratio (ν), and the indentation depth (δ) with no 

conversion factor [72], [172] (Equation 10).  

 𝐸 =
(1 − 𝜈2)

2𝑎

𝑃

𝛿
 (10) 

Similarly, Amador et al. [72] used the Hayes model [112], a common mathematical model used 

for indentation testing of biological tissues. The Hayes model  [112] assumes a lateral infinite isotropic 

elastic material with a finite thickness resting on a rigid half space with only small strains applied [72]. A 

sample of tissue is placed on the indenter mounting plate and a plane end indenter of radius 𝑎 is 
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brought into contact with the tissue surface, assuming adhesion at the sample-mounting plate interface, 

negligible shear tractions at the indenter-sample interface, infinitesimal deformation (<0.1% strain), and 

frictionless indenter surface [111], [112]. The shear elastic modulus (𝐺) for indentation testing 

performed using a flat-end cylindrical indenter (Figure 16) is given in (Equation 11), where 𝑣 is Poisson’s 

ratio, 𝑃 is the applied load, 𝛿 is the depth of the indentation (displacement), 𝑎 is the radius of the 

indenter, ℎ is the thickness of the tissue sample, and 𝜅 is a constant determined by the sample 

geometry and Poisson’s ratio (𝜈; Error! Reference source not found.) [112]. Alternatively, using the r

elationship outlined in Equation 25, the Hayes model can be used to express the elastic modulus as a 

function of the same variables (Equation 12). 

 𝐺 =
(1 − 𝑣)

4𝑎𝜅(𝑣, 𝑎/ℎ)
 
𝑃

𝛿
 (11) 

 𝐸 =
(1 − 𝑣2)

2𝑎𝜅(𝑣, 𝑎/ℎ)
 
𝑃

𝛿
 (12) 

 

 

Figure 16 Experimental set up for plane-end indentation testing, where F is the force applied by the cylindrical indenter onto the tissue sample, δ 

is the indentation depth, a is the radius of the indenter, and h is the thickness of the material sample. Reproduced with permission from [72]. © 

2011 IEEE 
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In 1997, Zhang et al. [111] addressed the limitation of Hayes’ [112] small strain and frictionless 

contact assumptions for indentation testing in biological tissues. Using non-linear finite element 

modelling, a new series of constants (𝜅) were calculated for use in Equation 11 or Equation 12 for 

indentation using a flat end cylindrical indenter under large deformations. Similar to Hayes’ [112] work, 

the constants presented in this updated model are a function of sample thickness (h), indenter radius 

(a), and Poisson’s ratio (𝜈); however, Zhang et al.’s [111] constants are also a function of strain (Error! R

eference source not found., Error! Reference source not found., Error! Reference source not found.). 

Finite element modelling showed that friction between the indenter tip and test surface increases with 

the ratio 𝑎 ℎ⁄ ; while this effect can be ignored at smaller 𝑎 ℎ⁄ , friction should be considered for larger 

ratios (𝑎 ℎ⁄ >2) as it can theoretically cause substantial error in estimates of E (up to 33% for 𝑎 ℎ⁄ =2). 

This refinement of the Hayes [112] constants has been found to improve calculation of the shear and 

elastic modulus for large strains (up to 20%) [88] and linear interpolation of the constants presented by 

Zhang et al. [111] can be used for estimation of the elastic modulus at these larger strains [88].  

  In a review of indentation testing for biological tissues, Delaine-Smith et al. [88] performed a 

quantitative comparison of the mathematical models presented by Hayes [112] and Zhang et al. [111], 

Snedden [110] and Oliver and Pharr [109], and Timoshenko and Goodier [114]. Delaine-Smith et al. [88] 

applied these indentation models to characterize the “reduced” or “effective” elastic modulus (ER) as a 

function of the indenter tip modulus (Ei), the indenter Poisson’s ratio (vi), the tissue sample modulus (Es), 

and the tissue sample Poisson’s ratio (vs, Equation 13) [109]. In all cases in this study, Ei>>ER and the 

definition of the reduced modulus was simplified (Equation 14). The reduced modulus was characterized 

as a function of indentation stiffness (S), where the indentation stiffness was defined as the slope of the 

load-displacement (P-δ) curve (
𝑑𝑃

𝑑𝛿
). Calculations of material parameters from indentation testing using 
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these mathematical models were compared to the same outcomes found using global bulk compression 

testing for hydrogel polymers, diseased human omentum, and bovine articular cartilage.  

Delaine-Smith et al.’s [88] findings revealed that all indentation models showed strong 

correlations with global ramp compression testing when used to quantify the tangent elastic modulus 

from 2.5% to 7.5% strain and from 15% to 20% strain. Oliver and Pharr’s [109] model showed the best 

agreement for sample thickness (Ts), indenter diameter (Φi), and sample diameter (Φs) for certain 

“ideal” geometric relationships (Ts:Φi>=1:1 and Φs:Φi>=4:1). When samples deviated from these “ideal” 

relationships (Ts:Φi<1:1 and/or Φs:Φi<4:1), Zhang et al.’s [111] improved Hayes [112] model showed the 

best agreement. A series of indentation and compression tests on hydrogels were used to develop a 

correction factor (Gk) to improve agreement between Zhang et al.’s [111] improved Hayes [112] 

indentation model for a series of specific non-ideal geometric cases. Testing on the human omentum 

tissue and the bovine articular tissue validated the corrections to Zhang et al.’s [111] model for non-

ideal geometries. 

 
1

𝐸𝑅
=

1 − 𝑣𝑠
2

𝐸𝑠
+

1 − 𝑣𝑖
2

𝐸𝑖
 (13) 

 𝐸𝑅 =
𝐸𝑠

1 − 𝑣𝑠
2

 (14) 

While quasi-static testing omits the time-dependent properties in the characterization of 

viscoelastic materials, these methods reduce the duration of testing and can be appropriate in many 

applications.  Omari et al. [89] observed that while elastic modulus estimates from quasi-static ramp 

compression testing of healthy and pathological uterine tissue were larger than those obtained with 

dynamic testing, quasi-static testing results exhibited comparable trends to those observed with 

dynamic testing. Delaine-Smith et al.’s [88] findings showed strong correlations between indentation 

and bulk compression testing, where the best agreement for non-ideal geometries was exhibited by an 

updated Hayes model. Quasi-static indentation testing provides a rapid, economical, non-destructive 
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mechanical tissue testing alternative to dynamic tissue testing for characterizing soft tissue properties 

and still allows for characterizing material nonlinearity through quantification of hysteresis and stress 

relaxation [71], [88], [172]. Further, indentation testing can provide non-destructive, valid 

characterization of tissue mechanical properties for the small and irregular geometries common to soft 

tissue applications [88]. 

 

2.5.1.3 Quasi-static Indentation Testing of Soft Tissue for SSI Applications 

Lee et al. [71] used elastography phantoms (model 049a, CIRS, Newark, VA, USA), ranging from 8 

kPa to 80 kPa, to validate indentation testing, using indenters with radii of 1.0 mm and 2.4 mm, by 

measuring the modulus of the materials at the center and peripheries of all samples. Their findings 

showed that test repeatability, measured by ICCs, was above 0.99 for both radii of indenters and at all 

locations in the masses [71]. Further, the modulus measured by indentation was well within the bounds 

of estimated moduli on all phantoms tested [71].  

Lee et al. [71] followed their preliminary phantom study with an evaluation of the relationship 

between SSI, indentation testing, and histology. Indentation measures of tissues stiffness were taken at 

five regions across malignant breast tumor samples from 30 masses excised from 30 women (center, 

superior, inferior, superficial, deep). Their findings showed significant moderate correlations between 

peak stiffness (kPa) measured by SSI and indentation stiffness (r=0.530, p=0.003), however no significant 

relationships were found between indentation stiffness and mean SSI stiffness (r=0.163, p=0.390) or 

minimum SSI stiffness (r=0.191, p=0.312). Indentation stiffness was positively correlated with tissue 

fibrosis (r=0.505, p=0.004) and negatively correlated with cellularity (r=-0.415, p=0.023) and necrosis 

(r=-0.367, p=0.046), while there was no significant correlation with microcalcification of the tissue (r=-

0.08, p=0.671). This study also found that both SSI and indentation measures of peak stiffness were 
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significantly higher in breast cancer tissue excised from patients with lymph node metastases, compared 

to those without.  

While correlations in Lee et al.’s [71] study were often moderate or non-significant, the number 

of indentation measurement sites was small in comparison to the SSI ROI resolution (~1 mm), and a 

larger number of indentation testing sites may increase the strength of the correlations. Malignant 

tumors, such as those tested by Lee et al. [71], are known to exhibit large amounts of heterogeneity and 

thus would likely benefit from averaging outcomes over a larger number of indentation testing sites 

[235], [236]. However, increasing the number of testing sites increases the duration of testing and can 

reduce the viability of the tissue. With only five testing sites being used, median stiffness may be a more 

appropriate mechanical tissue testing outcome for comparison with SSI measures. Further, Lee et al.’s 

[71] SSI data appeared to be retrieved from only a single image, while the literature suggests that 

averaging SSI over multiple frames and multiple trials can reduce the variability of SSI outcomes and 

provide more robust outcomes [76], [102], [104]. Finally, depending on the range of tissue geometries, 

indenter geometries, and testing parameters implemented [88], the material model used by Lee et al. 

[71] may not have been ideal, however the limited data from the literature requires further 

investigation to better understand this potential limitation. 

There are many limitations of quasi-static indentation testing identified in the literature [106]. 

Measures are typically taken at room temperature, not body temperature, and the modulus can vary 

with tissue temperature [113]. Unfortunately, heating tissue samples is not feasible as it would lead to 

desiccation. Only a few sites can be indented per sample, as the longer the tissue is in dry air, the more 

quickly it desiccates. The number of testing sites is further limited by the indenter diameter, where 

larger indenters yield more robust measures, but less information. One strategy may be to randomize 

testing sites on the tissue and check for correlations between time and measures from indentation 

testing; however, depending on the test setup, this may limit the use of automated actuators, which 
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reduce the duration of the testing protocol, thus allowing for more sites to be tested. Heterogeneities in 

the tissues may also bias measures and ex vivo tissue testing removes all physiological loading on the 

tissues which may reduce the correlations between in vivo SSI and ex vivo indentation testing [71]. 

Despite its limitations, mechanical tissue testing is the best approximation of a gold standard to which 

UE can be compared, and quasi-static indentation testing appears to be an appropriate modality against 

which to validate SSI. 

 

 Ex vivo Mechanical Tissue Testing of the Uterus 

Several studies in the literature have quantified the mechanical properties of healthy and 

pathological uterus and cervix tissue using a variety of methods. Unfortunately, all known studies to 

date are limited in their applicability to this work by small sample sizes of pathological uterine tissue, 

especially with regards to UF samples (n≤6). While more recent studies investigating gynecological 

applications of UE focus on compressive mechanical properties of healthy and pathological tissue ex vivo 

[54], [89], [94], [186], a series of older works focus on mechanical measurement of active force 

generation of myometrial tissue ex vivo and are beyond the scope of this thesis [237]–[239]. A subset of 

research completed mid-20th century investigated the tensile properties of the myometrium [240]–

[244], which are different from compressive properties. Distinct tensile responses between pregnant 

and non-pregnant myometrium were unrelated to age, parity, phase in the menstrual cycle or tissue 

histology [241], [242].   

 

2.5.2.1 Mechanical Tissue Testing of the Uterus 

Kiss et al. [54] collected myometrium tissue samples from 24 patients (age 31 to 79 years, 

mean=50.4±10.8 years). Uterine fibroid (n=6) and unaffected myometrium (n=24) tissue samples 
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underwent (sinusoidal) bulk compression testing at a range of precompressions (ε=[1.5%,2.5%,3%]), 

strain amplitudes (ε0=[1%,2%]), and testing frequencies (0.1 Hz to 100 Hz). Testing parameters were 

determined based on the observation of a non-linear response for strain amplitudes above 5% and non-

uniform deformation for strain amplitudes below 1%. The order of testing parameters was randomized 

for each sample, though a qualitative comparison of cases tested using randomized testing frequencies 

compared with descending testing frequencies suggested that there was no effect of testing order on 

outcomes. Myometrial tissue was tested parallel or perpendicular to the muscle fibers. Christensen’s 

[229] formulation (Equation 3) was used to characterize the global storage modulus, loss modulus, and 

magnitude of the complex modulus. It should be noted that although a dynamic model was applied in 

this case, sample dimensions (~5 mm thick) combined with the strain amplitudes, precompressions, and 

lower testing frequencies (0.1 Hz) yield between 0.005 mm/s and 0.01 mm/s testing speed, which many 

would qualify as quasi-static [71], [72], [91], [94], [172], [245]. 

Findings from Kiss et al.’s [54] work showed that the modulus (|𝐸∗(𝜔)|) of both myometrium and 

UF tissue increased monotonically with the testing frequency and that the loss factor decreased 

between the 0.1 Hz and 1 Hz, then increased with testing frequency up to 100 Hz for all tissue types. The 

myometrial tissue modulus ranged from 20 kPa to 115 kPa, and UF tissue modulus ranged from 40 kPa 

to 230 kPa, depending on the testing parameters. Myometrial tissue testing along the muscle fibers 

exhibited moduli between 10% and 25% higher than those measured perpendicular to the muscle fibers. 

At all strain amplitudes and testing frequencies, the UF moduli were substantially higher than the 

myometrium moduli (Figure 17a) and the loss factors for all tissue types were similar (Figure 17b).  



48 
 

 

Figure 17 The frequency dependent modulus (|E*|; a) and loss factor (𝑡𝑎𝑛 𝛿; b) of cervix, uterus, and uterine fibroid (leiomyoma) tissue 

measured in compression from 2-3% strain amplitudes for a range of testing frequencies (Hertz, Hz). The uterus tissue was tested along the 

muscle fibers (||) and perpendicular to the muscle fibers (⊥). Reproduced from [54] ©2007 Institute of Physics and Engineering in Medicine.  

Reproduced by permission of IOP Publishing.  All rights reserved. 

 

Omari et al. [89], [246] also observed the frequency dependent nature of the complex modulus 

and loss factor of unaffected and pathological uterine tissues. Omari et al. [89], [246] used dynamic 

global (nunaffected=18; nUF=2; ncancer=1), quasi-static global (nunaffected=14; nUF=4; ncancer=2), and dynamic local 

(nunaffected=9; nUF=1; ncancer=1; nadenomyosis=1; npolyp=1) testing to characterize the mechanical properties of 

unaffected, UF, cancer, polyp, and adenomyosis tissue from the uterus. Dynamic (sinusoidal) bulk 

compression tests at a range of testing frequencies (f=[1Hz, 10Hz, 20Hz, 30Hz]), precompressions 
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(ε=[2%,3%,4%,5%,6%]), and strain amplitudes (ε0=[2%,3%,4%]) were used to quantify the complex 

modulus (Equation 3) on 20 tissue samples from 18 patients (mean age=53.8±14.2 years). Quasi-static 

(load/unload, constant 𝜀̇=0.1% per second) bulk compression from 0.1% to 15% strain was used to 

quantify Young’s modulus (Equation 9) at a range of compression values (ε = [(1-3%), (2-4%), (3-5%), (4-

6%), (5-7%), (6-8%)]) and to qualitatively assess hysteresis in 20 tissue samples from 14 patients (mean 

age=54.1±14.7 years). Finally, dynamic (sinusoidal) indentation testing was used to locally quantify the 

complex modulus (frequency = 1Hz) and build 2D stiffness maps for 9 tissue samples from 9 patients 

(mean age = 52.0±13.4 years). 

Findings from Omari et al.’s [89], [246] dynamic and quasistatic testing expanded on the work of 

Kiss et al. [54]. Dynamic testing results showed that the magnitude of the complex modulus (|𝐸∗(𝜔)|) of 

unaffected uterine tissue, uterine fibroids tissue, and uterine cancer tissue ranged from 5 kPa to 30 kPa, 

20 kPa to 60 kPa, and 5 kPa to 8 kPa, respectively, depending on testing parameters. The calculated 

modulus was the same, regardless of strain amplitude, while increasing the precompression resulted in 

the monotonic increase of the modulus for all tissues. This was observed at all testing frequencies 

except 20Hz, which appeared to yield erroneous results due to technical errors. Similar to Kiss et al. [54], 

the mean modulus appeared to increase with testing frequency for all tissues, although error bars for 

testing frequencies between 10Hz and 30Hz appeared to overlap for a majority of testing conditions.  

While the magnitudes of the complex modulus increased with testing frequency and precompression, 

trends between the tissues (cancer = soft, unaffected = midrange, UF = hard) were the same across all 

testing conditions (Figure 18). Interestingly, as with Kiss et al.’s [54] findings, Omari et al. [89], [246] 

observed that the loss factor was fairly constant for each tissue type across the testing conditions. 

Interestingly, the loss factor for UF and unaffected myometrium tissue were almost identical, while the 

loss factor of the cancerous tissue differed substantially (Figure 19). 
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Figure 18 The magnitude of the complex modulus (|E*|) as a function of the precompression (strain as a percent), tested at strain amplitude of 
2% and a frequency of 1Hz, for unaffected (NORM; n=18), uterine fibroid (FIB; n=2), and uterine cancer (CA; n=1) tissue. Reproduced from 

[89], [246] © 2014 with permission from Elsevier. 

 

 

Figure 19 The loss factor (𝑡𝑎𝑛 𝛿) as a function of the precompression (strain as a percent), tested at strain amplitude of 2% and a frequency of 

1Hz, for unaffected (NORM; n=18), uterine fibroid (FIB; n=2), and uterine cancer (CA; n=1) tissue. Reproduced from [89], [246] © 2014 with 
permission from Elsevier. 

 

Omari et al.’s [89], [246] findings from quasi-static ramp compression testing and dynamic nano-

indentation were comparable to the dynamic testing results (Figure 20). Quasi-static testing yielded 

higher modulus values than dynamic testing for all tissue types, however trends were consistent across 

testing parameters and tissue types. Local measures of tissue stiffness were also used to quantify the 

modulus of unaffected myometrium tissue (|E*|=22.6±18.2 kPa), one case of uterine cancer 



51 
 

(|E*|=17.98±10.0Pa), one endometrial polyp (|E*|=9.98±3.7 kPa), one uterine fibroid (|E*|=36.0±11.0 

kPa), and one case of a proliferative endometrium (|E*|=26.9±6.0 kPa). When data were pooled across 

all cases, the ranges of tissue stiffness overlapped substantially. However, two measures of myometrium 

stiffness (|E*|=54.6±1.1 kPa) were substantially larger than the rest of the group (|E*|=13.5±1.6 kPa). 

Further, in the case of each pathology, the modulus of the given pathology tended to differ from the 

surrounding unaffected tissue (|E*|cancer=17.98±10.0 kPa and |E*|unaffected=55.4±10 kPa; 

|E*|polyp=9.98±3.7 kPa and |E*|unaffected=15.5±3.9 kPa; |E*|fibroid=36.0±11.0 kPa and |E*|unaffected=15.8±7 

kPa). These findings suggest the potential value of contrast ratios (similar to SRs). 

 

Figure 20 The complex modulus (|E*|) as a function of the precompression (strain as a percent), calculated at strain amplitudes of 2% and a 
frequency of 0.1Hz, for unaffected (NORM; n=14), uterine fibroid (FIB; n=4), and uterine cancer (CA; n=2) tissue. Reproduced from [89], [246] 

© 2014 with permission from Elsevier. 

 

Pearsall and Roberts [243] performed quasi-static ramp compressive testing (speed = 0.085 

mm/s) on ~23 samples of unaffected myometrium tissue taken from the anterior wall and/or the fundus 

of the uterus. Uterine samples were cored from the organ and relaxation was observed after coring. 

Stress-strain curves were calculated and then true stress (𝜎𝑡 = 𝜎(𝜀 + 1)) and true strain (𝜀𝑡 =

ln(𝜀 + 1)), which incorporate instantaneous sample geometry, were calculated to better understand 

the intrinsic properties of the material. Results from this study showed a consistent nonlinear response 
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of the tissue and a large variation in the length of the toe region and the slope of the linear region 

(Figure 21a). Interestingly, when viewed on a logarithmic scale, the results showed that true stress-

strain response was approximately linear above 6.9 kPa (1 Psi) and the authors presented a simple 

expression to characterize responses above this threshold (Equation 15; Figure 21b) in terms of two 

constants (C and B). Unfortunately, no information on the number of patients, demographics, or 

anthropometrics were reported. 

 𝜀𝑡 = 𝐶 ln 𝜎𝑡 + 𝐵 (15) 

 

Figure 21 True stress-strain response of uterine muscle to quasistatic bulk compressive loading presented on a linear (a) and logarithmic (b) 

scale. Reproduced from [243] © 1978 with permission from Elsevier. 

 

Although no statistical testing was documented in any of these works, qualitatively, the findings 

for both Kiss et al. [54], Omari et al. [89], [246], and Pearsall and Roberts [243] suggest somewhat 

consistent stiffness of unaffected myometrium tissue, with the potential for outliers.  Findings from Kiss 

et al. [54] and Omari et al. [89], [246] also show that that the modulus of UF tissue may be substantially 

higher than that of the uterus at the available range of testing parameters. However, it should be noted 
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that, for the same testing conditions, the moduli of UF tissues reported by Kiss et al.’s [54] appear to be 

substantially higher than those reported by Omari et al. [89], [246]. Further, Kiss et al. [54] reported that 

one of six fibroids tested exhibited a lower modulus than the normal tissue from the same patient. 

While this was surprising to Kiss et al. [54], based on Omari et al.’s [89], [246] findings, this phenomena 

may not be as unique as originally thought. Hobson et al. [247] observed a large range in strain contrast 

ratios between UF and unaffected uterus tissues when performing ex vivo strain elastography of the 

uterus, in the absence of any signs of necrosis or hemorrhage. There is currently insufficient information 

in the literature on the variability of mechanical properties of UF tissues and further research is required 

to validate the characterization of UFs by UE and support UE as a potential tool for treatment planning 

in cases of symptomatic UFs.    

 Aims and Objectives  
The goal of this dissertation was to determine if tissue stiffness, non-invasively measured by 

endoprobe SWE, is a feasible method for the in-vivo assessment of uterine tissue stiffness. This general 

goal was broken down into a series of specific aims, each of with included several objectives and 

associated outcomes. The dissertation is structured such that, following a review of the literature in 

Chapter 2, each specific aim functions as the central purpose of an individual study that is described in 

depth in an individual chapter of this work.  

 

 Aim 1: The Validity of Endoprobe SWE Estimates of Stiffness 
Chapter 3 of this work describes Study 1 of this the dissertation. The aim of Study 1 was to 

evaluate the validity and reliability of the stiffness (i.e. the elastic modulus) estimated by endoprobe 

SWE in an adequately sized sample of homogeneous oil-in-gelatin tissue mimicking (TMM) phantoms, 

using unconfined quasi-static ramp compression testing as a criterion standard.  The general omission of 

endoprobe SWE from the literature discussing the validity of SWE estimates of stiffness limits our ability 

to interpret findings from in vivo endoprobe SWE studies and the generalizability of these results. This 
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study quantifies the validity of endoprobe SWE measures of stiffness by (1) assessing the reliability of 

endoprobe SWE estimates of material stiffness in TMM phantoms at three target depths (1cm, 3cm, 

5cm), (2) assessing the accuracy of endoprobe SWE measures of material stiffness in TMM phantoms, 

using unconfined quasi-static ramp compression testing as a criterion standard, and (3) comparing 

endoprobe SWE reliability and accuracy to that of linear and curvilinear SWE ultrasound probes in TMM 

phantoms. By quantifying the reliability and accuracy of endoprobe SWE measures of stiffness in TMM 

phantoms and placing this within the context of the more widely accepted linear and curvilinear SWE 

probes, this study delivers clear performance metrics for endoprobe SWE that will influence its clinical 

utility moving forwards.  

 

 Aim 2: The Validity of Indentation Estimates of Stiffness 

The next step in validating endoprobe SWE involves evaluating in vivo SWE tissue stiffness 

against ex vivo mechanical testing stiffness estimates from those same resected tissues. However, the 

small, non-uniform tissue geometries characteristic of surgical samples require indentation stiffness as a 

benchmark outcome and indentation testing parameters require independent validation. Thus, the 

purpose of Study 2 of this thesis, which is detailed in Chapter 4, was to evaluate the validity of 

indentation testing with unconfined quasi-static ramp compression testing as a criterion standard, under 

a series of testing and model parameters, for an adequately sized sample of oil-in-gelatin TMM 

phantoms over a 100 kPa moduli range.  

In particular, using unconfined ramp compression testing estimates of material stiffness as the 

criterion standard, the objectives of this study were to (1) investigate the validity of indention stiffness 

measured using the Oliver and Pharr indentation model [109], [110] and Zhang et al.’s [111] improved 

Hayes [112] indentation model, (2) investigate the impact of indentation strain, sample geometry, and 

quasi-static testing speed on indentation stiffness validity, (3) evaluate the correction equations 
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developed by Delaine-Smith et al. [88] to improve indentation model accuracy, and (4) to provide 

recommendations around experimental use of indentation testing in fresh tissue samples. To the 

author’s knowledge, this study is the only work in the literature providing a systematic validation of soft 

tissue indentation testing parameters in an adequately sized sample targeted towards in vivo SWE 

validation approaches. 

 

 Aim 3: Optimal Indentation Parameters for the Validation of SWE 

While Study 2 clearly quantifies the validity of indentation testing, there may be certain 

indentation parameters to optimize the agreement between mechanical testing and SWE estimates of 

stiffness. With this in mind, Chapter 5 of this work describes Study 3, the aim of which was to provide a 

systematic investigation of the impact of indentation testing parameters and material models on the 

agreement between indentation stiffness and SWE measures of material stiffness for an adequately 

sized sample of oil-in-gelatin TMM phantoms over a 100 kPa moduli range.  In particular, the objectives 

of this study were to: (1) investigate the impact of the indentation model on agreement between 

indentation stiffness and SWE stiffness, (2) to investigate the impact of two sample geometries, a large 

(thickness > 5mm) and small (thickness < 5 mm), on the agreement of indentation and SWE measures of 

material stiffness, (3) investigate the impact of three quasi-static testing rates (0.01 Hz, 0.055 Hz, and 

0.1 Hz) on the agreement between indentation and SWE measures of stiffness, and (4) investigate the 

impact of three strain ranges (toe region, 2.5%-7.5%, and 15%-20%) on the agreement of indentation 

and SWE measures of stiffness. Findings from this study have the potential to allow for optimization of 

indentation testing parameters for SWE validation applications and potentially support the pooling of 

SWE validation study outcomes and improve generalizability of validation data in this field.  
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 Aim 4: In vivo Reliability and Confounders on SWE Measures of Uterine Tissue Stiffness 

The first three studies in this thesis provide a quantitative estimate of endoprobe SWE stiffness 

validity in a TMM phantom model and generate data to support in vivo validation of endoprobe SWE. In 

the fourth study, this research takes the first step into investigating the feasibility in vivo endoprobe 

SWE measures of uterine tissue stiffness. Chapter 6 of this work details Study 4, the aim of which was to 

assess the reliability of SWE to non-invasively measure tissue stiffness of uterine tissue in vivo and to 

evaluate the impact of potential confounding factors, including phase in the menstrual cycle, target 

depth, and site in the uterus. In particular, the objectives of this study were to: (1) determine if SWE 

estimates of in vivo uterine tissue stiffness were reliable within-day and between-days within the same 

phase of the menstrual cycle, (2) assess the impact of phase in the menstrual cycle on SSI measures of 

uterine tissue stiffness, (3) investigate the impact of target site in the uterus and depth of target site on 

tissue stiffness, and (4) provide a qualitative evaluation of any potential confounders on estimates of 

uterine tissue stiffness made using SWE. This study is essential to determining the utility of uterine SWE 

and the outcomes provide the data needed to justify or nullify the complex and costly next step, which 

is evaluating estimation accuracy of in vivo SWE stiffness against ex vivo indentation testing. 
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 Contributions 
This dissertation serves as an initial proof-of-concept that will provide quantitative data to direct 

and support the currently sparse field of gynecological elastography. Data from this work bridges the 

gap between endoprobe SWE and more conventional and clinically acceptable forms of SWE that 

implement linear and curvilinear probes. The performance metrics for endoprobe SWE established here 

using TMM phantoms and non-pathological populations will allow clinicians and clinical researchers to 

make informed decisions on the potential value of endoprobe SWE and the optimal avenues for 

gynecological SWE research. Moreover, the study of indentation testing parameters and mathematical 

models for SWE applications included in this work is the first of its kind and addresses a major gap 

previously identified in the SWE validation literature around the use of mechanical testing and selection 

of mechanical testing parameters [95]. The recommendations generated through this work will support 

in vivo validation of endoprobe SWE and future investigations that will be needed as elastography 

technology develops and demonstrates a wider range of clinical utility. Finally, the in-vivo experiments 

systematically assessed the reliability of endoprobe SWE measures of tissue stiffness and provided 

insight into potential confounders that may require further investigation. Taken together, this work will 

form the basis for future work to inform on endoprobe SWE for the medical and surgical management of 

uterine pathologies.  
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 Conclusion 
The literature documents important current and potential future applications for UE the clinical 

diagnosis and management of many pathologies. Reports of intra- and inter-rater and intra- and inter-

day repeatability are consistently high and measures within each elastography technique are somewhat 

consistent. However, variability in elastography techniques, inconsistency in outcomes reported, and 

lack of reporting of sample characteristics limit the clinical value of this modality for uterine pathology 

applications. Technical limitations around the elastography estimates of tissue stiffness and the 

validation techniques limit researchers’ ability to applying UE in gynecological pathologies. Prior to 

exploring the utility of SSI for clinical gynecology, it is essential that we establish the validity and 

reliability of SSI in phantoms and establish robust mechanical testing techniques for in vivo validation. 

Moreover, the performance of SSI in unaffected uterine tissue must also be evaluated to characterize 

baseline in vivo measures of unaffected uterine tissue stiffness.  

This dissertation involved the completion of four studies which, taken together, provide guidance 

around the feasibility of using SSI to identify mechanical tissue properties in uterine tissue, and will 

direct future efforts in this specialized field. The first study involved evaluating the reliability and validity 

of endoprobe SWE in a sample of tissue mimicking (TMM) phantoms, using quasi-static unconfined 

ramp compression testing at the criterion standard. The second study evaluated the validity of quasi-

static indentation testing under a variety of testing parameters, using two mathematic models, using 

quasi-static unconfined ramp compression testing at the criterion standard. The third study 

systematically investigated the impact of indentation testing parameters and mathematical models on 

the agreement of indentation and SWE measures of material stiffness. Finally, the fourth study assessed 

the reliability of SWE of uterine tissue stiffness in vivo and evaluated the impact of a series of potential 

confounding factors. The studies from this thesis provide an initial proof-of-concept that we hope will 

catalyze the currently sparse field of gynecological elastography.  
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3 Study 1: Validity and Reliability of Endoprobe Shear Wave 

Elastography in Homogeneous Tissue Mimicking Phantoms 

 Introduction 
Shear wave elastography (SWE), an ultrasound modality used for the non-invasive measurement 

of tissue stiffness, is gaining popularity as a diagnostic aid and monitoring tool for many pathologies 

[57], [58], [67]–[70], [59]–[66]. While preliminary investigations of SWE for gynecological applications 

show promise [48]–[56], systematic investigations of gynecological SWE lag behind other SWE 

applications [57], [58], [67]–[70], [59]–[66]. Further, the omission of gynecological endoprobe data from 

the majority of SWE validation studies presented in the literature [71]–[80] poses a problem to the valid 

interpretation of SWE data acquired using an endovaginal SWE probe, such as is the case for many 

gynecologic applications. While a series of validation studies has been performed using linear [71]–[76] 

and curvilinear [77]–[80] SWE probes, SWE endoprobes have a unique geometry, center frequency, and 

curvature with unique excitation sequences and thus require separate validation.  

The small sample sizes used in the systematic validation of SWE is another area of concern. Cao 

et al. [81] detailed the performance of an SWE endoprobe for measuring the stiffness of phantoms 

made of tissue mimicking materials (TMMs). This work aimed to assess the agreement between SWE 

and mechanical testing measures of material stiffness but included only two different material 

stiffnesses, with a single target depth in the first and five target depths for the second (31 mm, 37 mm, 

44 mm, 52 mm, and 64 mm). Five targets of unique stiffness and depth appears to be the standard 

sample size threshold for validating UE in the literature [71]–[75], [77]–[80]. This may be due to the 

limited number of targets available in commercially available standardized phantoms [71]–[75], [77]–

[80] or the time required for manufacturing quality phantoms in-house [82]–[87]. Cao et al.’s [81] 

findings suggested that agreement between SWE and mechanical testing decreased at depths beyond 

44 mm and variance in agreement increased at depths beyond 52 mm. The small sample size combined 
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with the limited range of material stiffnesses limits quantitative analysis of agreement, leaving an 

incomplete picture of endoprobe SWE validity.  

Many statistical tests used to assess validity require a minimum sample size threshold. In the 

case of correlation analyses, a sample size of at least n=19 is required to detect a significant moderate 

correlation (α=0.05; β=0.20; r= 0.60) [248], [249]. If a regression model is used to assess validity, 

Babyak [219] and Peduzzi [250], [251] both showed that a sample size of at least n=10 to n=15 (per 

predictor) is necessary provide adequate power to detect true relations and avoid significant bias. When 

Bland Altman analysis is used to assess validity, sample size can similarly influence the power of the 

analysis. For example, if the expected mean difference (MD) between UE and a gold standard is ~4kPa, 

the expected standard deviation (STD) is ~2kPa [77], and the maximum allowable MD is ~10kPa, then a 

sample size of n=26 is required to achieve 80% power (β=0.20) with α=0.05 [252]. In this case, the 

typical sample size used in validation studies of SWE (n=5) yields a power of <5%, which is not 

adequate [252]. Thus, adequate sample sizes in SWE validation studies should lie between n=10 and 

n=26, depending on the statistical test and parameters used to assess validity. 

In-house manufactured TMM phantoms are an economical method for validating 

gynecological UE, allowing for the study of an adequate sample size with appropriately tuned 

mechanical properties. Oil-in-gelatin dispersions [82], [84] are economical option that allow for tuning 

of mechanical properties across a wide range of stiffnesses (20kPa < storage modulus < 100kPa [82], 

[84], [253]) that align closely to those of human tissue [87]. The manufacture and storage of oil-in-

gelatin dispersions have been well documented in the literature [82]–[85], [87], [254]. Acoustic and 

material properties (sound speed, density, attenuation) of oil-in-gelatin TMMs also lie well within the 

range of properties displayed by human soft tissues [82], [87]. Further, oil-in-gelatin TMMs are 

inexpensive, easy to manufacture, and can be tuned to the desired mechanical and acoustic properties, 
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making oil-in-gelatin TMM phantoms ideal for developing adequately large samples with a range of 

relevant mechanical properties for the validation of SWE endoprobe measurements. 

In order to provide reference measures of the mechanical properties for TMM phantoms, 

mechanical testing (MTE) is required. Dynamic bulk compression testing has been used to determine 

the mechanical properties of TMM phantoms [82], [85], [253], [255], yet this requires specialized testing 

equipment and testing over a range of frequencies, which can increase testing duration, making 

desiccation a concern [106]. Quasi-static unconfined ramp compression testing, a common alternative, 

is often used to characterize material properties [71], [72], [90], [172]. Quasi-static unconfined ramp 

MTE is easy to implement and shows similar trends to dynamic testing [174], [246]. While quasi-static 

testing may yield qualitatively lower values than those of dynamic testing [174], [246], this has not been 

definitively observed for SWE applications [95].  

The purpose of this study was to evaluate the validity and reliability of endoprobe SWE in 

homogeneous oil-in-gelatin TMM phantoms against MTE. In particular, the objectives of the study were 

to  (1) establish the reliability of endoprobe SWE stiffness measured at three target depths (1cm, 3cm, 

5cm); (2) validate the performance of endoprobe SWE in homogeneous phantoms against unconfined 

ramp MTE at three target depths (1cm, 3cm, and 5cm); and (3) compare SWE outcomes acquired using 

an endoprobe to those acquired using linear and curvilinear probes. Findings from this work will provide 

the necessary foundation for future systematic investigations of gynecological UE, including in vivo and 

ex vivo validation of SWE in healthy and pathological human gynecological tissue. 

 

 Methods 

 Preparation of Oil-in-Gelatin Phantoms 
Oil-in-gelatin phantoms were manufactured according to the methods described by Madsen et 

al. 2006 [253]. In brief, the phantoms were composed of a solvent (water), a matrix (gelatin), and a 

series of additives (propylene glycol, safflower oil, liquid surfactant, formalin), which function to tune 
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the acoustic, mechanical, and physical properties of the phantoms. First the molten gelatin solution was 

mixed; water, propylene glycol (5.09% by volume, P4347, Sigma-Aldrich Canada Co., Oakville, Canada), 

and 200 Bloom gelatin (13.06% by volume Nitta Gelatin, Morrisville, USA) were combined in a beaker. A 

thermometer was placed in the beaker, the beaker was covered with plastic wrap, and then the beaker 

placed in a double boiler, and heated to 90oC to produce clarified molten gelatin [253]. The molten 

gelatin was then cooled in an ice bath to 55oC. At this point, the molten gelatin solution was then 

combined with safflower oil (Loblaws, Brampton, Canada) and stirred to produce oil droplets (<1mm 

diameter) [253]. The method of stirring to yield oil droplets in the gelatin matrix involve taking a 

standard dinner spoon and bending the spoon at 90o to the handle. The spoon was then placed in the 

mixture in the beaker and stirred about a horizontal axis. This method encourages the dispersion of the 

oil droplets, while minimizing air introduction into the mixture. Following this, liquid surfactant (1.1% by 

volume, Liquid Ivory Ultra, Proctor and Gamble, Toronto, Canada) was added to the mixture to preserve 

the emulsion and stirred vigorously until the mixture because opaque.  Formalin (0.735% by volume, 

F8775, Sigma-Aldrich Canada Co., Oakville, Canada) was then added to the oil-in-gelatin solution and the 

mixture was stirred to complete the manufacture of the TMM solution [253]. 

The oil-in-gelatin TMM solution was cast into a cylindrical mould with a height and diameter 

each of 7.5cm and placed under positive gauge pressure [253]. The mold included a syringe embedded 

in the outer was that. When the mixture was in the mold and the syringe was engaged, the material was 

placed under a positive gauge pressure. After 24 hours, cross-linking of the gelatin had increased the 

melting temperature well above room temperature. Molds were then removed to yield a cylindrical 

homogeneous TMM phantom (Figure 22A). Phantoms were placed in safflower oil to prevent 

desiccation until testing [253]. A total of n=27 phantoms were manufactured, to yield adequate 

statistical power for the purposes of this study. The ratio of safflower oil in the phantoms was varied 

between 2.5% and 67.5% in 2.5% increments to yield a uniform spread across a physiologically relevant 
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range of healthy and pathological tissue stiffnesses (20kPa < storage modulus < 100kPa) [82], [84], [253]. 

Additionally, six extra phantoms were manufactured according to the same procedures using a stiffer 

220 Bloom gelatin (13.06% by volume, Sigma-Aldrich, St. Louis, USA) to extend the upper end of the 

range of stiffnesses over which SWE could be validated. In the end, with two manufacturing failures, the 

total sample of phantoms was n = 31. 

It should be noted here that Madsen et al. [82], [253] observed slight variations in elastic 

contrasts and strain ratios measured in heterogeneous phantom made using this TMM. Their team also 

observed a decrease in the amplitude of the storage modulus measured over a period of 16 months 

[253].  Regardless, this study purely aimed to validate measures of SWE stiffness against MTE measures. 

SWE and MTE measures for a given phantom were obtained on the same day, thus eliminating any 

concerns regarding long-term temporal stability of mechanical properties.  

 

 Ultrasound Elastography Imaging 
 Endocavity, superficial linear, and curvilinear SWE ultrasound imaging probes from the Aixplorer 

system (SuperSonic Imagine, Aix-en-provence, France) were used in this study [108] (Table 2). All probes 

used proprietary excitation sequences, the overall mechanism of which is summarized in the literature 

[115]. 

Table 2 Aixplorer (SuperSonic Imagine, Aix-en-provence, France) shear wave elastography (SWE) ultrasound imaging probes used for testing 
and their specifications [108].  

 

Model Type 
Imaging 

Frequency Range 
(MHz) 

Nominal Centre 
Frequency 

(MHz) 

SWE Penetration 
Range 
(mm) 

SWE Spatial 
Resolution 

(mm) 

SE12-3 Endoprobe 3.0 to 12.0 7.5 2.5 to 30 2.0 
SL15-4 Linear Probe 4.0 to 15.0 8.5 2.5 to 30 2.0 
SC6-1 Curved Probe 1.0 to 6.0 3.5 25 to 75 3.0 
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The SWE imaging procedure was executed with the phantom suspended in a safflower oil bath, 

in order to minimize confounding factors [175]. SWE measurements were taken in a mid-longitudinal 

plane of the phantom (Figure 22). The probe was inserted into the oil bath and centered to visualize a B-

mode image of the target region. The SWE region of interest (ROI) was set to its minimum size and 

placed along the central axis of the probe. The maximum stiffness of the imaging system was set to 

180kPa and the penetration mode, which appeared to act as a spatial filter, was enabled for consistency 

of visualization across all depths. The probe was fixed in place and three UE cineloops of at least 10 

frames each wereacquired at the desired depth. This process was performed for the target region at 

1cm, 3cm, and 5cm depths for the endoprobe, the linear probe, and the curvilinear probe, in a 

randomized order. While the linear probe and curvilinear probe did not exhibit any qualitative failures 

during data acquisition, the endoprobe often lost signal at 5cm depths or exhibited highly irregular data. 

For this reason, data were also acquired at a “maximum consistent” depth (MCN) using the endoprobe. 

This depth was set qualitatively as the deepest region at which complete signals, without any irregular 

artifact, could be acquired. The imaging system was then turned off, reset, and the same procedure was 

repeated for a total of two complete imaging sessions acquired on the same testing day. 

  

  

(A) (B) 

(C) 
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Figure 22 In-house manufactured homogeneous oil-in-gelatin tissue mimicking phantom (A), with shear wave elastography (Aixplorer, 

Supersonic Imagine, Aix-en-Provence, France) imaging performed at a 3cm target depth using a SL 15-4 superficial linear probe (B), SC 6-1 

curvilinear probe, and the (C) SE 12-3 endoprobe. 

 

 

 Unconfined Ramp Compression Testing 
In order to validate the elastography measures of material stiffness, unconfined quasi-static 

ramp compression MTE was used as a criterion standard. MTE of the phantoms was conducted using the 

BiotTester materials testing system (CellScale, Waterloo, Canada), with a 23N load cell (5.5 mN 

resolution, 3.5 mN noise floor) and a positional accuracy of 1um. The load cells and displacement 

controls on the system were calibrated on an annual basis (CellScale, Waterloo, Canada) and monitored 

for deviations that may impact testing. Three-dimensional printed adapters made from polyactide (PLA) 

with 90% infill were secured to the material testing system and MTE was conducted using a stainless 

steel 50mm square platen. Samples were cut (>20mm square, 5 to 8 mm thick) from the imaging plane 

of the phantom and were fixed to a stainless-steel support stage. The sample dimensions were taken as 

an average of three trials measured using a Vernier caliper. The support stage holding the sample was 

inserted into the MTE system. The sample thickness was calculated as an average of three trials of the 

measured distance between the support stage and the top of the sample when loaded to 15 mN, taken 

using the BioTester materials testing system (CellScale, Waterloo, Canada). The ramp compression 

(D) 



66 
 

platen was then withdrawn from the sample surface to a distance of 500 um. The samples were 

compressed to a strain of 25% for 20 cycles at a rate of 0.055 Hz.  

 

 Data Processing 
SWE stiffness measures (kPa) were calculated as the median over 10 frames and the average of 

3 trials for a circular ROI of 5 mm diameter, centered at the target depth of interest in the frame. For 

each MTE signal, the final 10 cycles of loading were ensemble averaged and a low pass Butterworth 

filter (3 Hz cut-off, 2nd order, dual pass) was applied to minimize noise in the data signals. Any bias in the 

signal was identified as an average of the unloaded period prior to contact of the ramp compression 

platen and the signal was zeroed. Contact was detected automatically using a 15 mN force threshold 

and then verified by visual inspection. In cases where residual noise confounded the algorithm, manual 

identification of the surface contact was used.   

Due to the small strain amplitudes applied by the elastography system (~100 um in phantoms, 

~40 um in vivo [115]), the toe region of the stress-strain curve was used to estimate the elastic modulus, 

using methods described by Zhai et al. [172]. In brief, beginning from the surface contact point (i.e. 0% 

strain), a data window with a length of 5% of the tip diameter was identified. A linear regression was 

chosen to fit a linear model to the window, in order to limit the impact of residual noise on a tangent 

calculation. The error between the linear model and the data window was calculated as the mean 

absolute difference between the linear model and the force-displacement data window. The data 

window was then extended one sample at a time and the procedure was repeated for each new data 

window. The procedure was halted when the error exceeded the 15 mN threshold and the stiffness was 

taken as the slope of the linear model in this data window. The elastic modulus was then calculated as 

the ratio of stress to strain over the linear model. See Figure 23. 
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Figure 23 Indentation curve and the determination of the linear region, reproduced with permission from Zhai et al. [172]. The solid line is the 

raw indentation load-displacement curve with load measured in millinewtons (mN) and displacement measured in millimetres (mm). The purple 

line that includes X markers is the filtered indentation curve. The dashed blue line shows the average residual over the window at each point 
along the curve, with magnitudes indicated by the axis labels on the right-hand y-axis. The vertical black bars indicate the linear region selected 

for calculating the indentation stiffness and the indentation modulus.  

 

 Statistical Analysis 
The data were checked to ensure that as the percent volume of oil increased in the phantoms, the 

elastic modulus measured by SWE and MTE showed a decreasing trend. Target depth across the two 

imaging sessions was checked using pairwise comparisons to ensure that the depths were consistent 

between imaging sessions. The reliability of SWE tissue stiffness outcomes was then assessed using 

intraclass correlation coefficients (ICCs) (two-way mixed effects, mean of multiple measurements, 

absolute agreement, [256]) (Matlab, Mathworks, Natick, USA). The ICC is calculated as the quotient of 

the variance of interest over the total variance. The following definitions given by Cicchetti et al. [105] 

were used: ICC≤0.40 was poor, 0.40<ICC≤0.60 was fair, 0.60<ICC≤0.75 was good, 0.75<ICC was 

excellent. Once adequate reliability was established, outcomes were averaged across the two imaging 

sessions.  The relationship between elastography and MTE outcomes was initially visualized using 
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scatter plots. Data were checked for normality and Pearson’s r correlation coefficients were used to 

characterize the relationship between MTE and SWE outcomes. Bland Altman analyses were used to 

quantify exact agreement and a two sample Kolmogorov-Smirnov test was included to test the 

likelihood that data were derived from the same population. Finally, linear regression models were fit 

using SWE modulus as the main predictor and MTE modulus as the dependent variable to examine the 

quantitative relationship between SWE and MTE outcomes for all conditions. The level of significance 

was set to α = 0.05 for all statistical tests. 

 

 Results 
The entire sample of oil-in gelatin elastography phantoms yielded elastic moduli ranging from 17.10 kPa 

to 88.12 kPa, as measured on quasi-static ramp compression testing, with the elastic modulus showing a 

general trend of decreasing as volume percent of oil increased (Table 3). Quasi-static ramp compression 

MTE failed in four phantoms due to testing malfunctions. As such, the resulting sample size differed 

between the SWE reliability assessment (n = 31) and the SWE validation against MTE (n = 27). As well, 

SWE data acquisition for the 5cm condition for the endoprobe failed for 8 phantoms, all with moduli 

below 40kPa on MTE. In contrast, complete SWE data sets were acquired with all probes at all other 

conditions. Pairwise comparisons revealed that target depths for each were consistent between the first 

and second imaging sessions (Table 4), supporting between session reliability assessment of the data.  

 

Table 3 Gelatin stiffness (Bloom) and oil concentration (by vol %) for all manufactured homogeneous oil-in-gelatin tissue mimicking phantoms 

with the corresponding modulus (E) measured by quasi-static unconfined ramp compression mechanical testing (MTE) at a rate of 0.055Hz and 
E was calculated in the toe region of the stress-strain curve. Shear wave elastography (SWE) measures of E taken using a linear ultrasound 

probe (4 - 15 MHz) at a 1cm target depth are also included. Phantoms that failed to cure or were damaged in storage are marked as “FAIL”, 

while MTE testing failures are marked with a “-“.  

ID 
Gelatin 

Stiffness 
Oil  

(by Volume) 
MTE E 
(kPa) 

Linear Probe @ 1cm  
SWE E  
(kPa) 

PS02P5 220 Bloom 2.5% - 60.50 

PS05P0 220 Bloom 5.0% 88.12 65.78 

PS07P5 220 Bloom 7.5% 74.12 62.91 
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PS10P0 220 Bloom 10.0% 81.47 57.77 

PS12P5 220 Bloom 12.5% 77.34 55.70 

PS15P0 220 Bloom 15.0% 66.87 54.01 

PH02P5 200 Bloom  2.5% 95.60 52.24 

PH05P0 200 Bloom  5.0% - 51.31 

PH07P5 200 Bloom  7.5% 71.22 70.53 

PH10P0 200 Bloom  10.0% 83.27 54.83 

PH12P5 200 Bloom  12.5% 63.78 55.07 

PH15P0 200 Bloom  15.0% 79.84 55.65 

PH17P5 200 Bloom  17.5% - 50.19 

PH20P0 200 Bloom  20.0% 62.77 45.96 

PH22P5 200 Bloom  22.5% 64.89 43.98 

PH25P0 200 Bloom  25.0% 42.21 44.15 

PH27P5 200 Bloom  27.5% 48.03 41.66 

PH30P0 200 Bloom  30.0% FAIL FAIL 

PH32P5 200 Bloom  32.5% 49.29 35.82 

PH35P0 200 Bloom  35.0% 48.13 37.62 

PH37P5 200 Bloom  37.5% 32.14 37.66 

PH40P0 200 Bloom  40.0% 53.05 41.63 

PH42P5 200 Bloom  42.5% 52.53 35.96 

PH45P0 200 Bloom  45.0% 30.07 28.01 

PH47P5 200 Bloom  47.5% 44.39 28.28 

PH50P0 200 Bloom  50.0% 43.89 27.14 

PH52P5 200 Bloom  52.5% 33.14 29.11 

PH55P0 200 Bloom  55.0% 32.33 24.74 

PH57P5 200 Bloom  57.5% 17.10 20.47 

PH60P0 200 Bloom  60.0% 35.01 23.32 

PH62P5 200 Bloom  62.5% FAIL FAIL 

PH65P0 200 Bloom  65.0% - 19.34 

PH67P5 200 Bloom  67.5% 17.46 18.11 
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Table 4 Depth of shear wave elastography (SWE) targets for acquisition of the elastic modulus (E) data in oil-in-gelatin homogeneous tissue 
mimicking phantoms. SWE data was collected using a linear, curvilinear, and endocavity probe at target depths of 1cm, 3cm, and 5cm. In the 

case of the endoprobe only, a maximum consistent depth (MCN) at which signal appeared to be present and consistent with shallower depths was 

also collected for comparison. SWE data was collection was repeated at two separate imaging sessions (Session 1 and Session 2). Target depth is 
given as a mean ± standard deviation (STD). There was no significant difference between depths at session 1 and session 2 for any of the 

conditions considered. 

Probe Depth 
Sample 

Size 

Session 1  Session 2 

Mean Depth 
(mm) 

STD 
(mm) 

 Mean Depth 
(mm) 

STD 
(mm) 

Linear 
Probe 

1cm 31 10.5 1.2  10.3 1.8 

3cm 31 29.7 1.6  29.6 1.4 

5cm 30 46.2 4.7  46.0 4.6 

Curved 
Probe 

1cm 31 14.2 1.9  13.4 1.7 

3cm 31 30.5 0.8  30.3 0.8 

5cm 31 50.6 1.4  49.9 2.4 

Endo- 
Probe 

1cm 31 11.3 2.5  11.0 2.2 

3cm 31 30.2 0.5  30.3 0.8 

5cm 21 49.9 2.6  50.1 0.7 

MCN 31 39.4 6.2  38.8 5.1 
 

 

All probes exhibited excellent reliability at all depth conditions (Table 5). While the linear and curvilinear 

probe yielded ICC≥0.950 at all depth conditions, the reliability of the endoprobe matched this only for 

the 1cm and 3cm depth conditions. Beyond the 3cm target depth, the reliability of the endoprobe 

decreased slightly, with ICC = 0.935 at the MCN depths and ICC = 0.848 at the 5cm depth. The 95% 

confidence interval of the ICCs for the linear probe at the 5cm depth condition did not overlap those 

from shallower depths acquired using the same probe. Moreover, the 95% confidence interval of the 

ICCs for the 5cm depth condition for the endoprobe only overlapped those from the endoprobe at the 

MCN depth condition and the linear probe at 5cm. Both these findings may suggest significant increase 

in the variability of SWE measures with depth for the endoprobe and linear probe. 
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Table 5 Reliability test results for shear wave elastography (SWE) estimates of the elastic modulus (E) data in oil-in-gelatin homogeneous tissue 
mimicking phantoms. SWE data was collected using a linear, curvilinear, and endocavity probe at target depths of 1cm, 3cm, and 5cm. In the 

case of the endoprobe only, a maximum consistent depth (MCN) at which signal appeared to be present and consistent with shallower depths was 

also collected for comparison. SWE data was collection taken as an average of data collected over two repeated imaging sessions. Results 
include the intraclass correlation coefficient (ICC), the lower bound (LB) and upper bound (95%) on the 95% confidence interval (CI), and the 

significance of the ICC (p-Value). 

Probe Depth 
Sample 

Size 
ICC 

 95% CI  

 p-Value  
LB  UB   

Linear 
Probe 

1cm 31 0.996  0.991 0.998  <0.001 

3cm 31 0.995  0.990 0.997  <0.001 

5cm 30 0.950  0.901 0.975  <0.001 

Curved 
Probe 

1cm 31 0.983  0.966 0.992  <0.001 

3cm 31 0.982  0.964 0.991  <0.001 

5cm 31 0.991  0.982 0.996  <0.001 

Endo- 
Probe 

1cm 31 0.980  0.957 0.990  <0.001 

3cm 31 0.972  0.944 0.986  <0.001 

5cm 21 0.848  0.697 0.924  <0.001 

MCN 31 0.935  0.869 0.967  <0.001 
 

 

Preliminary assessment and visualization of SWE agreement with MTE testing outcomes was 

done using scatter plots for the linear (Figure 24A, C, E), curvilinear (Figure 24B, D, F), and endoprobe 

data (Figure 25). Data visualization showed positive linear trends in the linear and curvilinear data for all 

depth conditions, although variance in the data was high. It was also observed that the slope of the data 

for linear and curvilinear probes at all conditions tended to trend below a perfect correlation line. The 

endoprobe data for the 1cm and MCN depth conditions exhibited similar trends to the linear and 

curvilinear probe. In contrast, the scatterplots for the endoprobe SWE stiffness measured at the 3cm 

and 5cm conditions all showed trends of slopes aligned more closely to the perfect correlation line. 

Regardless, the 3cm, MCN, and 5cm conditions for the endoprobe all exhibited a qualitative increase in 

the variance in the data. Further, the 5cm condition for the endoprobe showed qualitatively the weakest 

relationship between SWE and MTE measures of the elastic modulus.  
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Figure 24 Agreement of the elastic modulus (E) in kilopascals (kPa), measured by shear wave elastography (SWE) and unconfined ramp 

compression mechanical testing (MTE) in a series of homogeneous oil-in-gelatin tissue mimicking phantoms. SWE measurements were taken as 

an average of two repeated imaging sessions. SWE data was acquired using a linear probe (A,C,E) (blue markers), a curvilinear probe (B,D,E) 
(red markers), and an endoprobe (see following figure). SWE measurements were taken at target depths of 1cm ( ‘x’), 3cm ( ‘o’), 5cm ( ‘□’). The 

black dashed line indicates the line of equality in all plots. 
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Figure 25 Agreement of the elastic modulus (E) in kilopascals (kPa), measured by shear wave elastography (SWE) and unconfined ramp 

compression mechanical testing (MTE) in a series of homogeneous oil-in-gelatin tissue mimicking phantoms. SWE measurements were taken as 
an average of two repeated imaging sessions. SWE data was acquired using a linear probe (see previous figure), a curvilinear probe (see 

previous figure), and an endoprobe (A,B,C,D). SWE measurements were taken at target depths of 1cm ( ‘x’), 3cm (‘o’), 5cm (‘□’) and a maximum 

consistent depth (MCN, ‘*’) at which signal appeared to be present and consistent with shallower depths.  
 

 The first method of quantifying the relationship between MTE and SWE outcomes was the use 

of Pearson’s r correlation for all probes and all depth conditions (Table 6). The linear and curvilinear 

probes yielded stiffness measures that were very strongly correlated with MTE outcomes at all depths 

(r>0.7), with the linear probe yielding consistent correlations across all depths (r = 0.89) and the 

curvilinear probe yielding the strongest correlation with MTE at the 5cm depth condition (r = 0.90). 

Correlations of endoprobe SWE stiffness and MTE stiffness were very strong at the 1cm depth condition 

(r = 0.83) but decreased to moderate correlations for the 3cm (r = 0.51) and MCN (r = 0.67) depth 
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conditions. There was no significant correlation between MTE outcomes and endoprobe SWE outcomes 

at the 5cm depth condition. 

 

Table 6 Pearson’s correlation coefficients (r) for shear wave elastography (SWE) measures of the elastic modulus (E) in oil-in-gelatin 

homogeneous tissue mimicking phantoms with respect to unconfined ramp compression mechanical testing (MTE). MTE testing strained samples 
at a rate of 0.055Hz and E was calculated in the toe region of the stress-strain curve. SWE data was collected using a linear, curvilinear, and 

endocavity probe at target depths of 1cm, 3cm, and 5cm. In the case of the endoprobe only, a maximum consistent depth (MCN) at which signal 

appeared to be present and consistent with shallower depths was also collected for comparison. SWE data was averaged across two repeated 
imaging sessions. Shapiro-Wilk testing was used to confirm the normality of the data.  

Probe Depth 
Sample 

Size 

Pearson’s Correlation 

r p-Value 

Linear 
Probe 

1cm 27 0.89 <0.001 

3cm 27 0.89 <0.001 

5cm 26 0.89 <0.001 

Curved 
Probe 

1cm 27 0.85 <0.001 

3cm 27 0.89 <0.001 

5cm 27 0.90 <0.001 

Endo- 
Probe 

1cm 27 0.83 <0.001 

3cm 27 0.51 0.007 

5cm 21 0.18 0.442 

MCN 27 0.67 <0.001 

 

The second method to evaluate the relationship between MTE and SWE outcomes was the use 

of Bland Altman analyses (Table 7, Table 8). Results showed a significant negative MD for all depth 

conditions for the linear (range = [-9.66kPa, -12.80kPa]) and curvilinear (range = [-8.92kPa, -13.83kPa]) 

probes. All conditions for the linear and curvilinear probe exhibited high, but consistent, variance on the 

MD, with the standard deviation (STD) of the MD ranging from 9.77 kPa to 12.61 kPa. In contrast, the 

endoprobe only yielded significant negative MDs for the 1cm depth condition (-8.23 kPa), with an STD of 

12.89 kPa. While the 3cm and MCN conditions for the endoprobe did not exhibit a significant MD, the 

STD of the MD were higher than those observed in the linear and curvilinear probes (3cm = 18.95 kPa, 

MCN = 16.23 kPa). Finally, the 5cm depth condition for the endoprobe exhibited a significant positive 

MD of 12.17 kPa and the highest STD of the MD at 21.67 kPa. Kolmogorov-Smirnov tests for all cases 

confirmed that SWE data and MTE data were all derived from the same probability distribution. 



75 
 

Table 7 Bland Altman (BA) test results for shear wave elastography (SWE) estimates of the elastic modulus (E) data in oil-in-gelatin 
homogeneous tissue mimicking phantoms compared to unconfined ramp compression testing (MTE). SWE data was collected using a linear, 

curvilinear, and endocavity probe at target depths of 1cm, 3cm, and 5cm. In the case of the endoprobe only, a maximum consistent depth (MCN) 

at which signal appeared to be present and consistent with shallower depths was also collected for comparison. SWE data was averaged across 
two repeated imaging sessions. MTE samples were strained at a rate of 0.055Hz and E was calculated using a linear model in the toe region of 

the stress strain curve. BA results include the mean difference (MD), significance of the MD (p), standard deviation (STD) of the MD, standard 

error (SE) of the MD, and the lower bound (LB) and upper bound (UB) on the MD 95% limits of agreement (LOA). Results from a Kolmogorov-
Smirnov test was included to test the likelihood that data was derived from the same population. 

Probe Depth 
Sample 

Size 

Mean Difference  95% LOA  KS Test 

MD (kPa) p-Value 
STD 

(kPa) 
SE 

(kPa) 

 LB 
(kPa) 

UB 
(kPa) 

  p-Value 

Linear 
Probe 

1cm 27 -12.80 <0.001 11.10 0.41  -34.56 8.95  0.94 

3cm 27 -9.66 <0.001 10.40 0.39  -30.04 10.72  1.00 

5cm 26 -8.05 0.001 9.77 0.38  -27.20 11.09  0.86 

Curved 
Probe 

1cm 27 -11.38 <0.001 12.61 0.47  -36.10 13.35  0.93 

3cm 27 -8.92 <0.001 10.70 0.40  -29.90 12.05  0.98 

5cm 27 -13.83 <0.001 12.15 0.45  -37.64 9.99  0.93 

Endo- 
Probe 

1cm 27 -8.23 0.003 12.89 0.48  -33.49 17.04  0.95 

3cm 27 -7.25 0.057 18.95 0.70  -44.39 29.89  0.78 

5cm 21 12.17 0.018 21.67 1.03  -30.31 54.65  0.88 

MCN 27 -5.11 0.114 16.23 0.60  -36.92 26.70  0.95 

 

The third method used to evaluate the relationship between MTE and SWE outcomes was linear 

regression analyses (Table 8). In contrast to the Bland Altman analyses, linear regression only identified 

a single case with a statistically significant bias: the curvilinear probe at the 5cm depth condition (B0 = -

16.81 kPa, p=0.017). Results showed that the elastic modulus measured by SWE was a significant 

predictor for the MTE modulus for all probes and conditions, except for the endoprobe at the 5cm depth 

condition (p = 0.442). For all linear and curvilinear probe conditions, the coefficient of the SWE modulus 

in the linear regression ranged from 1.22 to 1.73, which aligned with qualitative observations from the 

scatterplots. The coefficient of endoprobe SWE stiffness measures at the 1cm and MCN depth 

conditions fell in this same range, while the endoprobe 3cm depth condition was the only case in which 

coefficient was less than 1 (B1 = 0.95, p = 0.001).  and the SWE modulus measured by the endoprobe at 

the 5cm depth condition was not a significant predictor for the MTE modulus (p = 0.442). Finally, the fit 

of the models was quite high for the linear probe at all depth conditions (Adj R2 = 0.79 to 0.80) and the 

curvilinear probe at the 3cm (Adj R2 = 0.79) and 5cm (Adj R2 = 0.82) depth conditions. However, the fit 
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was lower for the curvilinear probe at the 1cm depth condition (Adj R2 = 0.73) and for the endoprobe at 

the 1cm (Adj R2 = 0.73). The fit of the models for the endoprobe at the 3cm (Adj R2 = 0.32), the MCN (Adj 

R2 = 0.54) conditions were even worse. Finally, the 5cm depth for the endoprobe yielded a model fit of 

effectively zero (Adj R2 = -0.02). 

Table 8 Linear regression results for shear wave elastography (SWE) estimates of the elastic modulus (E) data as a predictor for E measured by 

unconfined ramp compression testing (MTE). Measured were performed on oil-in-gelatin homogeneous tissue mimicking phantoms. SWE data 
was collected using a linear, curvilinear, and endocavity probe at target depths of 1cm, 3cm, and 5cm. In the case of the endoprobe only, a 

maximum consistent depth (MCN) at which signal appeared to be present and consistent with shallower depths was also collected for 
comparison. SWE data was averaged over two repeated imaging sessions. MTE samples were strained at a rate of 0.055Hz and E was calculated 

using a linear model in the toe region of the stress strain curve. Models were constructed for each target depth for each probe. The number of 

observations (n), coefficients for the intercept (B0) and the SWE data (BSWE), 95% confidence intervals (CIs), adjusted R2 (Adj R2), and standard 
error of the estimate (SEE) are given here for all models. 

Probe Depth n 

Intercept  SWE E  Model Fit 

B0 (95% CI) 
p-

Value 
 B1 (95% CI) 

p-
Value 

 Adj R2 SEE (kPa) 

Linear 
Probe 

1cm 27 -6.40 (-13.19, 6.40) 0.314  1.44 (1.14, 1.73) <0.001  0.79 10.84 

3cm 27 -3.52 (-15.74, 8.71) 0.560  1.27 (1.02, 1.53) <0.001  0.79 10.83 

5cm 26 -3.22 (-15.71, 9.25) 0.599  1.22 (0.97, 1.47) <0.001  0.80 10.43 

Curved 
Probe 

1cm 27 -11.88 (-28.07, 4.32) 0.144  1.51 (1.15, 1.87) <0.001  0.73 12.26 

3cm 27 -7.44 (-20.65, 5.77) 0.257  1.34 (1.06, 1.61) <0.001  0.79 10.99 

5cm 27 -16.81 (-30.30, -3.31) 0.017  1.73 (1.41, 2.05) <0.001  0.82 10.04 

Endo- 
Probe 

1cm 27 -12.15 (-28.57, 4.27) 0.140  1.42 (1.08, 1.77) <0.001  0.73 12.35 

3cm 27 8.53 (-17.47, 34.53) 0.506  0.95 (0.42, 1.42) 0.001  0.32 19.54 

MCN 27 -7.55 (-30.44, 15.35) 0.504  1.25 (0.80, 1.70) <0.001  0.54 16.13 

5cm 21 45.14 (-0.40, 90.67) 0.052  0.23 (-0.38, 0.83) 0.442  -0.02 18.94 

 

 

 Discussion 
To the authors’ knowledge, this study provides the largest sample size of any elastography 

validation phantom study previously published. While the statistical value of this larger sample size is 

well understood [219], [248]–[252], findings from this study show that validation of elastography 

requires a larger number of phantoms in order to provide accurate estimates of the variability in SWE 

outcomes across a range of stiffnesses. Findings from this study provide a detailed quantification of the 

performance of the Aixplorer (SuperSonic Imagine, Aix-en-Provence, France) SWE endoprobe and will be 

essential in guiding the clinical applicability of this tool moving forwards. Moreover, this study places the 

performance of the SWE endoprobe within the context of the much more thoroughly studied SWE linear 
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probe and the SWE curvilinear probe, a comparison that is highly relevant when considering the clinical 

requirements of gynecological SWE. 

 

 Oil-in-Gelatin Phantoms for SWE Validation 
 The oil-in-gelatin phantoms used in this study performed exceptionally well as an economical 

accessible method for validating SWE (Table 2). The 200 Bloom gelatin combined with several 220 

Bloom gelatin phantoms yielded an acceptable range of stiffnesses (15 kPa < elastic modulus < 100 kPa) 

and showed good agreement to the stiffness range predicted from the literature (20kPa < storage 

modulus < 100kPa [82], [84], [253]). However, the 220 Bloom gelatin did not extend the ceiling on 

material stiffness as expected and increasing oil concentrations did not yield a linear decrease in 

material stiffness. This may have been due to controls around the manufacturing processes, testing 

procedures [174], [246], or the exact make/model of materials being used. While dynamic MTE is more 

faithful to the loading applied by SWE, the findings here, combined with a systematic comparison of 

quasistatic and dynamic MTE for SWE applications [95] suggest that MTE speed may not be as relevant 

to SWE validation as some other parameters (Section 5). While other studies have shown lower stiffness 

estimates from quasi-static compared to dynamic testing outcomes [174], [246] the use of quasistatic 

ramp compression MTE combined with oil-in-gelatin phantoms appeared to perform well in this 

validation of SWE. 

 

 Reliability of SWE 
Standardization of SWE target depths (i.e. 1cm, 3cm, MCN, 5cm) was consistent across the two 

imaging sessions (Table 4), and the reliability of the SWE stiffness outcomes was excellent for all probes 

at all depth conditions (Table 5). However, this was to be expected with the use of homogeneous TMM 

phantoms in a highly controlled bench test setting. The key finding in this instance was the decrease in 

reliability that occurred with depth in the case of the endoprobe and linear probe. For SWE using the 
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endoprobe, the 1cm depth condition yielded high reliability (0.957 < ICC 95% CI < 0.990), comparable to 

the performance of the curvilinear probe overall and to the linear probe at shallow (i.e. 1cm, 3cm) depth 

conditions. However, with increased target depth endoprobe reliability decreased, particularly at the 

MCN (average depth = 39.1 mm; 0.869 < ICC 95% CI < 0.967) and 5cm (0.697 < ICC 95% CI < 0.924) depth 

conditions. Similarly, the reliability of the linear probe at 5cm (0.901 < ICC 95% CI < 0.975) was lower 

than at shallower depths (0.990 < ICC 95% CI < 0.998). Both the linear probe and endoprobe are not 

rated for measurements in depths beyond 3cm, thus these findings are in line with the manufacturer’s 

recommendations (Table 2). While all ICC values were excellent, the TMM phantoms were 

homogeneous and the tissue depths were controlled; reliability may be lower when used in-vivo.  

 

 Validity of SWE 
Correlation analyses (Table 6) showed strong relationships between MTE and SWE outcomes for 

both the linear and curvilinear probes at all depths (0.89 < r < 0.90), while curvilinear stiffness measures 

at 1cm were slightly lower (r = 0.85). The linear and curvilinear probes tended to underestimate material 

stiffness (-8.05 kPa < MD < -13.83 kPa, 1.22 < BSWE < 1.73), yet variance in SWE accuracy was consistent 

with depth (9.77 kPa < MD STD < 12.61 kPa) and SWE stiffness always was a significant predictor of MTE 

stiffness (0.73 < AdjR2 < 0.80). In contrast, endoprobe SWE and MTE showed the highest correlation at a 

depth of 1cm (r = 0.83) and decreased with depth, becoming non-significant at a depth of 5cm.   At 1cm 

depths, the endoprobe validity was similar to the linear and curvilinear probe (MD = -8.23 kPa, MD STD 

= 12.89 kPa; BSWE = 1.42, AdjR2 = 0.73). However, with increasing depth, the variance in estimation 

accuracy increased (16.23 kPa < MD STD < 21.67 kPa) and the strength of the relationship with MTE 

decreased (-0.02 < AdjR2 < 0.54).  

Interestingly, the linear and curvilinear probe stiffness estimates consistently underestimated 

material stiffness, while this was only the case for the endoprobe at the 1cm target depth, where the 
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probe exhibited the best performance. Referring to the manufacturer recommendations (Table 2), the 

variability in stiffness estimates for each probe was consistently lower when target depths were within 

the recommended ranges. While neither the linear probe nor the endoprobe are recommended for use 

at target depths beyond 3cm (Table 2), this highly controlled data set suggests that the linear probe may 

indeed be feasible for use at depths beyond 3cm. In contrast, the endoprobe performance is in question 

at depths beyond 1cm. 

 

 Endoprobe SWE Performance 
Combining the findings from this work, a series of conclusions can be drawn. While exact 

agreement of the endoprobe SWE at 1cm does not deviate from findings in other probes at a range of 

depths, the quality of the relationship between endoprobe SWE at 1cm and MTE is still poorer than that 

of the linear (1cm, 3cm, 5cm) and curvilinear probe (3cm, 5cm), as indicated by lower correlation 

coefficients and linear regressions that describe little of the variance in the data (AdjR2). Interestingly, 

the linear probe at the 5cm depth condition and the curvilinear probe at the 1cm depth condition, which 

are both beyond the manufacturer’s recommended depths (Table 2), performed equivalently or better 

than the endoprobe at the 1cm depth across all outcomes in these highly controlled conditions. 

However, depending on the range of stiffnesses expected in healthy and pathological tissue for a given 

clinical application, this may not prohibit clinical applicability. Validation of endoprobe SWE imaging at 

1cm target depths in vivo against MTE is highly recommended prior to large scale trials for diagnostic 

and treatment planning purposes. 

Considering endoprobe SWE of deeper targets, similar concerns around feasibility under in vivo 

conditions arise. Compared to the linear and curvilinear probes, correlations for both conditions were 

substantially lower, variance of the MD increased, and model fits were much lower. Interestingly, 

considering all of these outcomes, the endoprobe appeared to perform better at the MCN condition 
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compared to the 3cm condition, however performance at the MCN condition was still substantially 

poorer than the linear and curvilinear probes at all conditions. As well, variance of the target depth for 

the MCN condition was high (39.1 ± 8.0 cm) compared to that of the endoprobe 3cm condition (30.3 ± 

0.9 cm). Finally, over the range of phantom stiffnesses tested, while the reliability of the endoprobe at 

the 5cm depth condition was indeed “excellent”, SWE measures of material stiffness were not valid,. As 

with the 1cm depth condition for the endoprobe, clinical utility of the endoprobe at the 3cm and MCN 

depth conditions may exist, depending on expectations around healthy and pathological tissues of 

interest. Regardless, further validation through in vivo studies with ex vivo MTE is necessary to support 

any recommendations around clinical viability of this SWE system.  

 

 SWE Manufacturer’s Guidelines 
Consulting data from the SWE manufacturer and the literature, several observations can be 

made. The SWE modality used in this study (Aixplorer, SuperSonic Imagine, Aix-en-provence, France) is 

quoted to have an estimation accuracy equal to the larger of ±30% or 3kPa [108]. These estimation 

accuracy values are derived from testing on a single rectangular polymer phantom (CIRS049 Quality 

Assurance Elasticity Phantom, CIRS, Norfolk, USA) which includes only four spherical targets over a 

limited stiffness range (29kPa background; 8.4kPa, 17.7kPa, 47.7kPa, and 80.1kPa inclusions) [108]. 

Further, estimation accuracy as a percentage of the true outcome may not be the best representation of 

error on the system, as different MTE methods can yield different estimates of stiffness for the same 

material [89], [95]. Regardless, the Bland-Altman analysis presented combined with the scatterplots 

suggests that accuracy of endoprobe SWE when compared to quasi-static ramp compression MTE 

appears to depend on target depth and also may not be as accurate as these guidelines suggest. 

The value of an adequately large sample size presented in this study cannot be overstated. In a 

phantom that mimicked intra-cavitary imaging of prostate masses, Cao et al. [81] used the same SWE 
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endoprobe to measure a heterogeneous TMM phantom with an inclusion of one stiffness at 30.6mm 

and an inclusion of a second stiffness at depths of 64.0 mm, 52.4 mm, 43.8 mm, and 36.6 mm. The 

stiffness of the two inclusions was compared to quasi-static MTE. SWE measures were 86.2±4.5 kPa and 

271.5±25.7 kPa, respectively, while MTE outcomes were 104.3±5.6 kPa and 297.3±6.7 kPa, respectively 

[81]. Based on findings in the study, Cao et al. [81] concluded that there was “good” SWE reliability at 

the four shallower depths, and “good” agreement between SWE and MTE. Interestingly, Cao et al.’s [81] 

work paints a very different picture of SWE endoprobe validity compared to this study. The small sample 

size in Cao et al.’s [81] study limited quantitative statistical analysis of the findings, which may have 

misrepresented the validity of the technology. Since the publishing of Cao et al.’s [81] findings, several 

clinical studies investigating the feasibility of endoprobe SWE for gynecological applications have been 

published [121], [209], [257]. Yet findings from these studies may require retrospective consideration 

within the context of this work. Further, prior to clinical investigations, in vivo validation of endoprobe 

SWE is required in healthy and pathological tissues of interest to justify clinical applicability. 

 

 Limitations 
As with any research, the findings here must be considered in the context of the limitations of 

this work. The material stiffness of the phantoms measured by MTE did not decrease monotonically 

with increasing oil concentrations. Rather, MTE outcomes showed a decreasing trend with some 

variability. Reasons for this may have been rooted in phantom manufacturing methods or in the MTE 

testing approach, which may have implications for other findings presented here. In terms of phantom 

manufacturing, exact tools for measurement were not available (i.e. pipettes) and so digital scales, 

beakers, and small volume syringes were used. Slight changes in proportions of certain ingredients (e.g. 

formalin) could significantly alter material stiffness. Additionally, the ramp compression MTE methods 

required a perfectly flat contact surface between the phantom sample and the compression platen, 
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which was sometimes difficult to achieve using the tools available. While multiple visual and loading 

checks were performed to ensure even surface contact of every sample, this may still have created a 

bias in the measured MTE outcomes for some samples.  

The ramp compression models included in this work assume a linear elastic material. While the 

oil-in-gelatin phantoms here were indeed homogeneous and isotropic, other factors such as 

viscoelasticity, friction, and non-parallel surfaces during mechanical testing may have impacted 

outcomes. Quasi-static testing rates and small deformations, lubricated testing surfaces (safflower oil), 

and prescribed cutting jigs were used, respectively, in an attempt to eliminate these factors. However, 

viscoelasticity of the phantom materials may have been responsible for trends across the testing rates. 

Friction between the loading jig and the material during testing could have increased estimates of the 

elastic modulus. Further, non-parallel testing surfaces would have elongated to the toe region of the 

stress-strain curves and decreased the measured elastic moduli. 

In comparing mechanical testing and elastography outcomes, another limitation to this work is 

the use of quasi-static mechanical testing as a comparator for shear wave elastography loading, which is 

dynamic in nature. Some groups have implemented dynamic indentation mechanical testing for SWE 

applications, as it is thought to better represent the dynamic loading of SWE in vivo [90], [106], [291]. 

While quasi-static tissue testing does not simulate the high loading frequencies observed in SWE [115], 

it can still provide accurate, efficient, and accessible means of characterizing tissue stiffness [71], [72], 

[172] and is often selected for estimating tissue stiffness [71], [72], [113], [172]. In a comparison of a 

dynamic and quasi-static mechanical testing methodologies, Omari et al. [89] observed that quasi-static 

testing results exhibited comparable trends to those observed with dynamic testing, though generally 

yielding larger amplitude outcomes. Further, Oudry et al. [95] observed consistent results between 

dynamic and quasi-static mechanical testing when compared to SWE testing outcomes. While the 

optimal solution for matching mechanical testing protocols to SWE would be quantitative metrics 



83 
 

describing the SWE excitation protocols and resulting shear waves, this former is proprietary 

information owned by SuperSonic Imagine™ and our team did not have the equipment required to 

quantify the latter. 

The use of homogenous phantoms is another limitation of this study. The manufacture of 

homogenous phantoms was highly economical and accessible and allowed for the manufacture of a 

much larger sample size than may have been possible in the case of heterogenous phantoms or 

commercially available phantoms. However, while the properties of these phantoms have been found to 

be representative of those found in human tissue [82], [84], [253], human tissue is not homogeneous or 

isotropic and thus the real-world translatability of this model is limited. Yet, homogenous phantoms 

provide a highly controlled preliminary testing medium for SWE. Thus, poor performance in 

homogeneous phantoms is an important finding and can guide the development and application of the 

modality moving forwards. Future work may benefit from further investigation of endoprobe SWE 

performance in adequate sample sizes of heterogeneous TMM phantoms. 

Another area of concern was the stiffness range in the TMM phantoms. Considering that the 

maximum range of the SWE system used in this study was 300 kPa, the range of TMM phantom 

stiffnesses in this study covered less than 1/3 of this range. With an aim towards gynecological 

applications of endoprobe SWE and knowing that pathological gynecological tissues may exceed the 

ceiling of the current sample (95.60 kPa) [121], [207], [209], any future studies of endoprobe SWE in 

phantoms would benefit from a larger range of stiffness. This may also be beneficial to understand 

whether there is any value to endoprobe SWE for discriminating low stiffness tissues from high stiffness 

tissues.  

The findings of this study raise concerns around the failure of endoprobe SWE measurements in 

soft TMM phantoms (< 35 kPa) and deep targets (5cm). Initially, these failures were thought to be due 
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to the composition of the TMM phantoms; however, good performance of the linear and curvilinear 

probe SWE for this depth condition suggested that the limitation may be technological rather than 

methodological. Regardless, this decreased the sample size and range of stiffnesses available for 

statistical analysis at the 5cm condition for the endoprobe. This may have had an impact on the poor 

statistical outcomes for this particular case. Regardless, scatterplots showed that the 5cm condition did 

indeed show much higher variance and poorer linearity over the available stiffness range. Any phantom 

studies of endoprobe SWE moving forward should ensure that the phantom materials allow for 

endoprobe SWE measures at deep targets. 

Finally, excitation sequences for endoprobe SWE (and any curved probe) are often automatically 

adjusted based on the azimuth of the region of interest with respect to the principal axis of the probe. 

This was not accounted for in this validation for the endoprobe or the curvilinear probe. Anecdotally, 

our team has observed differences in probe performance during preliminary testing of in vivo 

endoprobe SWE with the azimuth of the SWE region of interest. Thus, SWE validation for any curved 

probe, including the endoprobe, should be performed at a range of azimuth angles for each target depth 

to improve the characterization of SWE performance and provide a better understanding of limitations. 

 

 Conclusion 
Findings from this study suggest that, although reliability of endoprobe SWE was excellent for all 

target depths, endoprobe SWE outcomes showed higher variance than those of the linear or curvilinear 

probe. Endoprobe SWE validity at 1cm depths was poorer than that of the linear and curvilinear probe 

for all depth conditions. However, depending on the clinical application, endoprobe SWE at shallow 

depths (e.g. 1cm) may be feasible. In addition, the validity of the SWE data acquired from the 3cm and 

MCN depth conditions was substantially lower than that of the 1cm depth condition. However, 

endoprobe SWE at 3cm and MCN depths may still have clinical applicability depending on the 
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mechanical properties of the healthy and pathological tissues of interest. Finally, endoprobe SWE was 

not valid at 5cm depths, though this finding may have been impacted by the sample size reduction at 

this condition due to data acquisition failure. Interestingly, while the endoprobe was not rated for 

depths beyond 3cm, the linear and curvilinear SWE probes performed exceptionally well beyond the 

manufacturer’s given depth parameters, better than the endoprobe at its recommended depths. Future 

studies of endoprobe SWE should look towards in vivo validation, particularly focusing on adequate 

sample sizes for clear statistical characterization of probe performance.   
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4 Study 2: The Experimental Validity of Flat Tip Indentation for 

Estimating Soft Tissue Stiffness in a Tissue Mimicking Phantom Model 

 Introduction 
Soft tissue material properties can provide insight into pathology [54], [106], [123], [124], [258], 

delineate the pathomechanics of various conditions [259]–[261], aid in the development of tissue 

prostheses [262]–[264], and more. Yet, the study of soft tissue mechanics is complex. Fresh tissue is 

difficult to obtain, requiring the contributions of many collaborators across multiple research and clinical 

departments. There are often departmental costs and methodology costs associated with the 

acquisition and testing of fresh soft tissue. Further, soft tissue is delicate; desiccation can quickly alter 

mechanical properties  [84], while freezing and other storage methods may significantly impact material 

properties [231], [232], [265]–[268] [453], [455], [480]–[483]. Thus, when a researcher needs to 

characterize the material properties of fresh soft tissue via mechanical tissues testing, their methods 

and mathematical models for estimating material properties must be rigorously tested and finely tuned 

before ever handling a single fresh tissue sample.  

In-house manufactured tissue mimicking material (TMM) phantoms are an economical 

method for validating mechanical tissue testing methods and models, allowing for the study of an 

adequate sample size with appropriately tuned mechanical properties. While many different TMMs 

have been developed and validated in the literature [81], [83], [233], [254], the manufacture of oil-

in-gelatin dispersions [82], [84] is particularly accessible [87]. TMM phantoms made from oil-in-gelatin 

dispersions have been well documented in the literature [82]–[85], [87], [254]. The material properties 

of oil-in-gelatin TMMs lie well within the range of properties displayed by human soft tissues [82], [87]. 

Further, oil-in-gelatin TMMs are inexpensive, easy to manufacture, and slight modifications can allow for 

tuning of the mechanical properties making oil-in-gelatin TMM phantoms ideal for developing 
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adequately large samples with a range of relevant mechanical properties for the validation of 

mechanical tissue testing methods and mathematical models. 

Soft tissue mechanical testing methodologies are extremely varied throughout the literature. 

Both tensile and compressive mechanical tissue testing can be used to estimate material properties, 

depending on the relevant in vivo loading regimes being studied [54], [223]. Compressive testing 

requires adequately sized samples with uniform geometries, which is not always possible with fresh 

tissue samples [88]. Similarly, tensile testing may cause tissue damage, and is vulnerable to error due to 

slipping at the tensile grips [88]. Further, limitations around the surgical sampling procedures for fresh 

tissue (e.g. minimally invasive approaches), geometrical irregularities (e.g. non-uniform tissue resection), 

sample geometry (e.g. surgical restrictions), and intact state (e.g. pathology restrictions) can easily 

prohibit the use of both tensile and compressive testing methodologies.  

The flat-tip indentation test is a non-destructive mechanical testing method that addresses 

many of the limitations of both tensile and compressive testing [71], [90], [112]. The flat-tip indenter 

requires few components and is accessible with the use of a quasi-static, linear elastic material models. 

Measures of indentation stiffness (i.e. the slope of the force-displacement curve) are used with various 

indentation models [109]–[112], [114] and correction factors [88], [111] to estimate the true elastic 

modulus of a  material, where the standard ramp compression test functions as the gold standard 

comparator for indentation testing [88], [111].  

In a review of flat-tip indentation models for biological tissues, Delaine-Smith et al. [88] assessed 

the impact of geometric factors (i.e. sample thickness (Ts), indenter diameter (Φi), sample diameter (Φs))  

on the performance of four mathematical models in a small sample of hydrogel polymers (n=7, 

8kPa<E2.5-7.5%<45kPa). Their findings indicated that the Oliver and Pharr model [109], [110] performed 

best (i.e. <=10% error) in cases of “ideal” geometric relationships (Ts:Φi>=1:1 and Φs:Φi>=4:1), yet when 

samples deviated from these “ideal” relationships (Ts:Φi<1:1 and/or Φs:Φi<4:1), Zhang et al.’s [111] 
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improved Hayes [112] model showed the best agreement with ramp compression testing. While 

Delaine-Smith et al.’s [88] work was impressively rigorous, there were several limitations. Delaine-Smith 

et al. [88] focused on relatively large tissue strains (i.e. 2.5% to 7.5% and 15% to 20%), thus the 

performance of these models may not be adequate closer to the 0% region of the stress strain curve, 

which may be particularly relevant to small strain applications [115]. Sample sizes in this study were 

small (n<=7), yet appropriate statistical tests for validation require sample sizes between n=19 

(correlation: α=0.05; β=0.20; r= 0.60) [248], [249] and n=26 (Bland Altman: 80% power; β=0.20; 

α=0.05; mean difference ≈ 4 ± 2kPa; maximum mean difference ≈ 10kPa) [77], [252]. Further, material 

models were only tested on moduli ranging from 5kPa to 45kPa (2.5% to 7.5% strain), whereas healthy 

and pathological tissue moduli may easily be beyond double the ceiling on this testing range [54], [71], 

[89], [209]. Delaine-Smith et al. [88] published correction factors to improve model performance, yet 

these values were only validated in two small samples (bovine cartilage n = 6; omental tumor n = 3).  

Due to the complex nature of characterizing fresh soft tissue mechanical properties using 

mechanical tissue testing, investigators require a robust validation of indentation models, an evaluation 

of potential mediators impacting model validity, and guidelines around model performance. Delaine-

Smith et al.’s [88] findings around the impact of specimen geometry on the validity of flat-tip 

indentation testing provides essential information around boundary conditions for the purposes of 

study design and validation. Yet, the validity of these models and model corrections needs to be more 

thoroughly characterized using larger sample sizes over a larger range of stiffnesses, especially for small 

strain applications and small sample geometries. The objectives of this study were to: (1) investigate the 

validity of the Oliver and Pharr indentation model [109], [110] and Zhang et al.’s [111] improved Hayes 

[112] indentation model against ramp compression testing for an adequately sized sample of oil-in-

gelatin TMM phantoms over a 100 kPa range of 2.5% to 7.5% moduli; (2) investigate the impact of 

sample geometry (i.e. thickness), quasi-static testing speed, and strain range on model validity; (3) 
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evaluate the correction equations developed by Delaine-Smith et al. [88]; and (4) provide 

recommendations around implementing indentation models in experimental settings. Findings from this 

study will enhance the recommendations made by Delaine-Smith et al. [88] and support the use of flat 

tip indentation testing for soft tissue characterization for a range of research applications.  

 

 Methods 

 Indentation Models 
Two indentation models were assessed in this work: the Snedden [110] model, which was 

popularized by Oliver and Pharr [109] (OP), and the Hayes model [112] with Zhang et al.’s [111] 

geometric correction factors (HZ). The OP [109] assumes quasi-static testing conditions to calculate the 

elastic modulus of a homogeneous semi-infinite linear elastic medium under a rigid flat end indenter tip 

with a small strain assumption (Figure 16). The analytic solution by Boussinesq [114] is used to derive 

the elastic modulus of the material. The “effective” elastic modulus (E) [88], which assumes the modulus 

of the indenter is substantially higher than that of the TMM sample, was used here. The effective 

modulus was expressed as a function of the indentation stiffness (S, the slope of the force-displacement 

curve over the strain range of interest) and the diameter of the indenter tip (Φi), with no conversion 

factor [72], [172] (Equation 10). 

 𝐸 =
𝑆

Φi
 (16) 

The HZ [112] model assumes a lateral infinite isotropic elastic material with a finite thickness 

resting on a rigid half space [72] under a rigid flat tip indenter (Figure 16). This model assumes adhesion 

at the sample-support plate interface, negligible shear tractions at the indenter-sample interface, 

infinitesimal deformation (<0.1% strain), and a frictionless indenter surface [111], [112]. However, to 

account for larger deformations and non-linearity, Zhang et al.’s changes were implemented [112]. The 

effective elastic modulus (𝐸) for indentation testing performed using a flat-end cylindrical indenter 

(Equation 12) was expressed as a function of the Poisson’s ratio (𝑣), the indentation stiffness (𝑆), the 
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indenter diameter (Φi), the thickness of the tissue sample (𝑇𝑆), and a geometric constant (𝜅) developed 

by Zhang et al. [111] was used. Zhang et al.’s [111] constant has been found to improve calculation of 

the shear and elastic modulus for large strains (up to 20%) [88] and linear interpolation of the constants 

presented by Zhang et al. [111] can be used for estimation of the elastic modulus at these larger strains 

[88]. 

 𝐸 =
𝑆

Φi ∗ 𝜅(𝑣, Φi/𝑇𝑆)
  (17) 

Delaine-Smith et al.’s correction equations, developed through a series of experimental 

indentation and compression tests on hydrogels, were also used here. These corrections took the form 

of linear equations to improve the agreement of both the HZ [111], [112] and OP [109] indentation 

models with ramp compression testing for strain ranges of 2.5% to 7.5% and 15% to 20%.  

 

 Preparation of Oil-in-Gelatin TMM Phantoms 
Oil-in-gelatin phantoms were manufactured according to the methods described by Madsen et 

al. 2006 [253]. In brief, the phantoms were composed of a solvent (water), a matrix (gelatin), and a 

series of additives (propylene glycol, safflower oil, liquid surfactant, formalin), which function to tune 

the acoustic, mechanical, and physical properties of the phantoms. First the molten gelatin solution was 

mixed; water, propylene glycol (5.09% by volume, P4347, Sigma-Aldrich Canada Co., Oakville, Canada), 

and 200 Bloom gelatin (13.06% by volume Nitta Gelatin, Morrisville, USA) were combined in a beaker. A 

thermometer was placed in the beaker, the beaker was covered with plastic wrap, and then the beaker 

placed in a double boiler, and heated to 90oC to produce clarified molten gelatin [253]. The molten 

gelatin was then cooled in an ice bath to 55oC. At this point, the molten gelatin solution was then 

combined with safflower oil (Loblaws, Brampton, Canada) and stirred to produce oil droplets (<1mm 

diameter) [253]. The method of stirring to yield oil droplets in the gelatin matrix involve taking a 
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standard dinner spoon and bending the spoon at 90o to the handle. The spoon was then placed in the 

mixture in the beaker and stirred about a horizontal axis. This method encourages the dispersion of the 

oil droplets, while minimizing air introduction into the mixture. Following this, liquid surfactant (1.1% by 

volume, Liquid Ivory Ultra, Proctor and Gamble, Toronto, Canada) was added to the mixture to preserve 

the emulsion and stirred vigorously until the mixture because opaque.  Formalin (0.735% by volume, 

F8775, Sigma-Aldrich Canada Co., Oakville, Canada) was then added to the oil-in-gelatin solution and the 

mixture was stirred to complete the manufacture of the TMM solution [253]. 

The oil-in-gelatin TMM solution was cast into a cylindrical mould with a height and diameter 

each of 7.5cm and placed under positive gauge pressure [253]. The mold included a syringe embedded 

in the outer was that. When the mixture was in the mold and the syringe was engaged, the material was 

placed under a positive gauge pressure. After 24 hours, cross-linking of the gelatin had increased the 

melting temperature well above room temperature. Molds were then removed to yield a cylindrical 

homogeneous TMM phantom (Figure 22A). Phantoms were placed in safflower oil to prevent 

desiccation until testing [253]. A total of n=27 phantoms were manufactured, to yield adequate 

statistical power for the purposes of this study. The ratio of safflower oil in the phantoms was varied 

between 2.5% and 67.5% in 2.5% increments to yield a uniform spread across a physiologically relevant 

range of healthy and pathological tissue stiffnesses (20kPa < storage modulus < 100kPa) [82], [84], [253]. 

Additionally, six extra phantoms were manufactured according to the same procedures using a stiffer 

220 Bloom gelatin (13.06% by volume, Sigma-Aldrich, St. Louis, USA) to extend the upper end of the 

range of stiffnesses over which SWE could be validated. In the end, with two manufacturing failures, the 

total sample of phantoms was n = 31. 

It should be noted here that Madsen et al. [82], [253] observed slight variations in elastic 

contrasts and strain ratios measured in heterogeneous phantoms made using this TMM. Their team also 

observed a decrease in the amplitude of the storage modulus measured over a period of 16 months 
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[253].  Regardless, our study purely aimed to validate measures of the indentation modulus against 

ramp compression measures. Indentation and ramp compression measures for a given phantom were 

obtained on the same day, thus eliminating any concerns regarding long-term temporal stability of 

mechanical properties.  

 

Figure 26 Example of indentation and ramp compression test setup on the Cellscale material testing system using samples of porcine cervix 
tissue.The 3D printed adapters (green) were used to support the sample & sample stage as well as the indenter tip or ramp compression platen, 

as appropriate.The plate supporting the tissue is 5cm square and the indenter tip is 1.6mm diameter. 

 

 Ramp Compression and Indentation Testing 
To validate the OP [109], [110] and HZ [111], [112] indentation models, unconfined ramp quasi-

static compression testing  was performed in conjunction with indentation testing under a variety of 

testing parameters. Mechanical properties of the phantoms were measured using the BioTester 

materials testing system (CellScale, Waterloo, Canada), with a 23N (5.5 mN resolution, 3.5 mN noise 

floor) load cell and a positional accuracy of 1um. The load cells and displacement controls on the system 

were calibrated on an annual basis (CellScale, Waterloo, Canada) and monitored for deviations that may 
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impact testing. Three-dimensional printed adapters made from polyactide (PLA) with 90% infill were 

secured to the material testing system for ramp and indentation testing. Ramp compression testing was 

conducted using a 30mm square flat stainless steel compression platen, while indentation testing was 

conducted using a rigid, cylindrical, flat-ended indenter with a diameter of 1.6mm. Ramp compression 

and indentation testing were performed by straining the samples to 25% for 20 cycles at a rate of 0.01 

Hz, 0.055 Hz, and 0.1 Hz. To ensure that the boundary conditions met the assumptions of the 

indentation models, sample thickness (Ts) and sample diameter (Φs) were adjusted according to the 

recommendations in the literature (Ts:Φi>1, Φs:Φi>2, Φs:Ts>3) [88], [110]–[114].  

First, a large and small geometry TMM sample was cut from the phantom, to represent two 

potential cases of tissue sampling. Anecdotally, our team has had better success collaborating with 

pathology teams when asking for less than 5mm thick samples of tissue. Thus, the larger TMM sample 

geometry was treated as over 5 mm thick, with a square cross section of at least 17mm and the smaller 

TMM sample geometry was less than 5 mm thick with a square cross section of at least 12mm. TMM 

samples were fixed to a steel support stage and inserted into the mechanical testing system one at a 

time (Figure 26). The TMM sample cross section dimensions were taken as an average of three trials 

measured using a Vernier caliper. The TMM sample thickness was calculated as an average of three 

trials measured as the distance between the support stage and the top of the TMM sample when loaded 

to 15 mN, taken using the BioTester materials testing system (CellScale, Waterloo, Canada). The 

indenter or ramp compression platen was then withdrawn from the TMM sample surface to a distance 

of 500 um. Testing then commenced and the TMM sample was compressed using either the ramp 

compression platen (i.e. large geometry TMM sample) or the indenter (i.e. large and small geometry 

TMM samples) at a testing speed of 0.01Hz for 20 cycles. The TMM sample was rested for 5 minutes 

after testing and bathed in Safflower oil to eliminate any effects of material desiccation. Testing was 

then repeated for all speeds (i.e. 0.01 Hz, 0.055 Hz, 0.10 Hz) and for all testing conditions (i.e. large 
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geometry TMM sample ramp compression, large geometry TMM sample indentation, small geometry 

TMM sample indentation) for a total of 9 tests per phantom.  

 

 Data Processing 
 For each test, the first 10 cycles of loading were treated as preconditioning [127] and the final 

10 cycles were used for data processing. The final 10 loading cycles were ensemble averaged and a low 

pass Butterworth filter (3 Hz cut-off, 2nd order, dual pass) was applied to minimize noise in the data 

signals. Any bias in the signal was identified as an average of the unloaded period prior to contact of the 

ramp compression platen or indenter and the signal was zeroed. Contact was detected automatically 

using a 15 mN force threshold and then verified by visual inspection. In cases where residual noise 

confounded the algorithm, manual identification of the surface contact was used.  

 Effective modulus calculations were performed using three strain ranges from the force-

displacement curves: (i) in the toe region of the curve from surface contact (i.e. 0% strain) up to a linear 

threshold, (ii) from 2.5% to 7.5% strain, and (iii) from 15% to 20% strain (Figure 23). The stiffness (i.e. 

slope of the force-displacement curve) was extracted from the force-displacement curve over the 

appropriate region and then was used to calculate the effective indentation modulus. For case (i), the 

stiffness was calculated using methods previously published by Zhai et al. [172]. In brief, beginning from 

the surface contact point (i.e. 0% strain), a data window with a length of 5% of the tip diameter was 

identified. A linear regression was chosen to fit a linear model to the window, in order to limit the 

potential impact of residual noise on a tangent calculation. The error was calculated as the mean 

absolute difference between the linear model and the force-displacement data window. The data 

window was then extended one sample at a time and the procedure was repeated for each new data 

window. The procedure was halted when the error exceeded the 15 mN threshold and the stiffness was 

taken as the slope of the linear model in this data window. It was observed that the calculated ramp 
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compression modulus always showed significant correlations with the indentation modulus and the 

strain at the error threshold of the indentation data always exceeded that of the ramp compression 

data. Thus, rather than matching the ramp compression linear threshold with that of the indentation 

modulus, instead a unique linear threshold was determined for both the ramp compression data and the 

indentation data in each case, to improve the agreement of indentation outcomes with ramp 

compression outcomes. This strain range will be referred to as the Zhai [172] strain region throughout 

the remainder of this chapter. 

 For cases (ii) and (iii), the stiffness was taken simply as the slope of the tangent model fit over 

the 2.5% to 7.5% and 15% to 20% strain ranges of the force-displacement curve, respectively. The HZ 

[111] and OP [109] models were then used to calculate the effective modulus with and without Delaine-

Smith et al.’s [88] correction equation. As in Amador et al. [72], Poisson’s ratio was set to 0.475 to align 

closely with the incompressibility assumption, while sitting in a range that keeps κ(v,a/h) fairly constant 

for the testing parameters. In the case of the ramp compression testing, the modulus was taken as the 

slope of the stress-strain curve at the strain ranges determined by (ii) and (iii) [228].  

 

 Statistical Analysis 
Initially, the loading-unloading cycles and the ensemble average of the final ten loading cycles were 

visualized. The span of the toe region (strain, %) was reported. To evaluate the consistency of phantom 

properties, Pearson’s correlations were used to assess the relationship between volume percent of oil in 

the phantoms and the span of the toe region. As well, a two-way analysis of variance was used to 

compare the span of the toe region across the different mechanical tests and testing rates, in order to 

assess the potential impact of hysteresis and friction on mechanical testing outcomes. 

The large number of testing parameters included in the methodology yielded a high dimensionality 

problem that precluded multivariate analysis of the data set. With this in mind, the relationship 
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between unconfined ramp compression and indentation outcomes was evaluated on a case-by-case 

basis using a series of approaches often implemented in sensitivity analyses (MATLAB, Mathworks, 

Natick, USA). Initially relationships between indentation and ramp compression outcomes were 

qualitatively evaluated using scatter plots. Pearson’s or Spearman’s correlation analyses were then 

implemented to quantitatively characterize the relationship, as appropriate. Bland Altman analyses 

were used to quantify the exact agreement between indentation and ramp compression outcomes. In 

order to provide bounds on problem, two indentation models across all parameters were selected as 

representative best and worst relationships with ramp compression testing, as quantified by 

correlations and Bland Altman analyses, and plots for both outcomes were generated. Trends across the 

validation outcomes were observed for the various indentation testing parameters (size, speed, strain) 

and models (HZ, OP) to guide parameter selection moving forward. The level of significance was set to α 

= 0.05 for all statistical tests. 

 

 Results 
Individual plots showing the force-displacement curves were visualized for repeated loading-unloading cycles (Figure 27A) and for the ensemble 

average of the final ten loading cycles (Figure 27B). Minor hysteresis was clearly visualized in the initial portion of the loading-unloading 

cycles. The span of the toe range showed a significant positive correlation with the volume percent of oil in the phantoms for all mechanical tests 
(Figure 28,  

Table 9). While there was no significant different in the span of the toe region and the testing 

rate, the span of the toe region was significantly larger for the indentation tests in small geometry 

samples (p<0.001) than that measured in the indentation test in large geometry samples and in ramp 

testing (p<0.001). Similarly, the span of toe region was also significantly larger for the indentation tests 

in large geometry samples compared to that measured in the ramp compression testing (p<0.001).  
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Figure 27 Individual force-displacement curves for repeated loading cycles of mechanical testing (A) and for the ensemble average across the 
final 10 loading cycles. Force was measured in millinewtons (mN) and displacement was measured in micrometers (um). Hysteresis is visible in 

the first half of the repeated loading curves (A). 

 
Table 9 The mean and standard deviation (STD) strain span of the toe region of the load-displacement curve is reported for all tests conducted at 

all testing rates. The strain span of the toe region showed significant correlations with the oil % volume in the phantoms for all cases.  

Mechanical Test 
Testing Rate 

(Hz) 

Strain Span of 
Toe Region 

(Mean ± STD %) 

Correlation with Oil 
Volume % 

r p 

Indent - Small 0.01 17.12 ± 5.64 0.85 <0.001 
Indent – Small 0.055 15.12 ± 4.77 0.85 <0.001 
Indent – Small 0.1 16.15 ± 4.93 0.86 <0.001 
Indent - Large 0.01 11.89 ± 3.81 0.89 <0.001 
Indent – Large 0.055 11.66 ± 3.96 0.89 <0.001 
Indent – Large 0.1 11.68 ± 4.08 0.89 <0.001 
Ramp 0.01 1.98 ± 0.54 0.37 0.082 
Ramp 0.055 1.73 ± 0.60 0.57 0.005 
Ramp 0.1 1.84 ± 0.76 0.62 0.001 

 

Scatterplots visualizing the agreement between indentation testing and ramp compression 

outcomes for the 0.01Hz (Figure 29), 0.055Hz (Figure 30), and 0.1Hz (Figure 31) testing speeds are 

presented here. Each individual plot includes data from both small (blue) and large (red) geometry 

samples for a given model (OP or HZ) at a given strain (Zhai [172], 2.5%-7.5%, or 15%-20%) tested at a 

given speed (0.01Hz, 0.055Hz, 0.1 Hz). Either ramp or indentation testing failed for up to six cases 

depending on the testing parameters, due to hardware and/or software malfunctions. As such, the 

resulting sample size differed slightly between the various testing cases, with sample sizes ranging from 

n = 24 to n = 28. 
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Figure 28 Scatterplots visualizing the span of the strain region, measured in % strain, as a function of the oil volume percentage in each phantom. Data is visualized for the indentation testing with the 
small geometry samples (Indent SM), the large geometry samples (Indent LG), and ramp tests at the 0.01Hz, 0.055Hz, and 0.1Hz testing rates
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Figure 29 Agreement of elastic modulus (E) in kilopascals (kPa) from unconfined ramp compression testing (Ramp) and flat cylindrical tip 

indentation testing (Indent) in homogeneous oil-in-gelatin tissue mimicking phantoms. E was calculated using linear elastic models on the force-
displacement or stress-strain curve in the toe region (A, B) using Zhai et al.’s [172] methods, from 2.5% to 7.5% strain (C, D), and from 15% to 

20% strain (E, F). Data are separated by small (SM) geometry (thickness < 5mm) or a large (LG) geometry (thickness > 5mm) and Hayes-Zhang 

(HZ E) [111], [112] (A, C, E) or  Oliver Pharr (OP E) indentation model [109] (B, D, F). Testing rate was 0.01 Hz for all cases. For each plot a 
equality between parameters is indicated by the dashed black line. 
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Figure 30 Agreement of elastic modulus (E) in kilopascals (kPa) from unconfined ramp compression testing (Ramp) and flat cylindrical tip 

indentation testing (Indent) in homogeneous oil-in-gelatin tissue mimicking phantoms. E was calculated using linear elastic models on the force-
displacement or stress-strain curve in the toe region (A, B) using Zhai et al.’s [172] methods, from 2.5% to 7.5% strain (C, D), and from 15% to 

20% strain (E, F). Data is separated by small (SM) geometry (thickness < 5mm) or a large (LG) geometry (thickness > 5mm) and Hayes-Zhang 

(HZ E) [111], [112] (A, C, E) or  Oliver Pharr (OP E) indentation model [109] (B, D, F). Testing rate was 0.055 Hz for all cases. For each plot, 
equality between parameters is indicated by the dashed black line.  
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Figure 31 Agreement of elastic modulus (E) in kilopascals (kPa) from unconfined ramp compression testing (Ramp) and flat cylindrical tip 
indentation testing (Indent) in homogeneous oil-in-gelatin tissue mimicking phantoms. E was calculated using linear elastic models on the force-

displacement or stress-strain curve in the toe region (A, B) using Zhai et al.’s [172] methods, from 2.5% to 7.5% strain (C, D), and from 15% to 

20% strain (E, F). Data are separated by small (SM) geometry (thickness < 5mm) or a large (LG) geometry (thickness > 5mm) and Hayes-Zhang 
(HZ E) [111], [112] (A, C, E) or  Oliver Pharr (OP E) indentation model [109] (B, D, F). Testing rate was 0.1 Hz for all cases. For each plot, 

equality between parameters is indicated by the dashed black line.  
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Qualitative analysis of the scatterplots suggested good agreement between ramp compression 

and indentation testing across all testing conditions and models. Qualitatively, there appeared to be 

little impact of indentation model, sample geometry, or testing speed on ramp compression and 

indentation agreement. The 2.5% to 7.5% moduli and the Zhai [172] moduli demonstrated similar 

trends, though the 2.5% to 7.5% moduli did appear to be qualitatively higher. In contrast, the 15%-20% 

moduli exhibited much higher values with larger variability in the data. Data visualization suggested a 

bias (significant mean difference) and slopes that trended above the perfect correlation line for all 

indentation testing parameters and models when compared to ramp compression.  

Correlation coefficients (CC) investigating the relationship between indentation and ramp 

compression moduli at all testing parameters were very strong (CC > 0.7) and highly significant (p<0.001) 

(Figure 32). The highest correlations between ramp and indentation outcomes were observed in the 

small geometry samples for the 2.5% to 7.5% moduli at the 0.01Hz and 0.055Hz (CC= 0.91) testing 

speeds. Interestingly, large geometry samples exhibited the highest correlations also at the low testing 

speed (0.01Hz), for the 2.5% to 7.5% (0.88 ≤ CC≤ 0.89) and the 15%-20% (0.89 ≤ CC ≤ 0.90) moduli. 

The lowest correlations across all testing parameters were observed for the Zhai [172] moduli at the 0.1 

Hz testing speed (0.77 ≤ CC ≤ 0.80). Regardless, the relationship between indentation and ramp 

compression was consistently strong for all conditions. 

When comparing indentation models, the HZ and OP model yielded almost identical CCs for 

each set of testing parameters. Sample geometry yielded slight deviations between the correlations of 

indentation and ramp outcomes only for the 15% to 20% moduli at the 0.01Hz speed (small: 0.85 ≤ 

correlation ≤ 0.86; large: 0.89 ≤ correlation ≤ 0.90). Otherwise, correlations did not appear to differ 

substantially between large and small geometry TMM samples. Considering the potential impact of 

testing speed, the correlation between indentation and ramp compression moduli decreased above 

0.01Hz testing speed for the Zhai [172] moduli, and above 0.055Hz testing speed for the 2.5% to 7.5% 
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moduli. However, the 15% to 20% moduli correlations only decreased above 0.01Hz testing speed for 

large geometry samples. Considering the impact of strain range, small geometry samples generally 

exhibited the highest correlations between ramp and indentation outcomes for 2.5% to 7.5% moduli at 

the two lowest testing speeds, however this trend was not present for large geometry samples. 

Table 10 Correlation coefficients for the elastic moduli (E) calculated from unconfined ramp compression testing (Ramp) and flat cylindrical tip 

indentation testing (Indent) in homogeneous oil-in-gelatin tissue mimicking phantoms. Testing was conducted on material samples with small 
(SM) geometry (thickness < 5mm) and a large (LG) geometry (thickness > 5mm) at three quasi-static testing rates (0.01 Hz, 0.055 Hz, 0.1 Hz). E 

was calculated using linear elastic models on the force-displacement or stress-strain curve. in the toe region using Zhai et al.’s [172] methods 
(Zhai),  from 2.5% to 7.5% strain, or from 15% to 20% strain. For indentation moduli, the Hayes-Zhang (HZ) [111], [112] or  Oliver Pharr (OP) 

indentation model [109] were used. The number of observations (n) included in each test is given. Correlations were calculated using either a 

Pearson’s or Spearman’s correlation test as appropriate. All correlations were significant to the level of p<0.0001. 
 

Testing 
Rate 

Strain 

SM  LG 

n HZ OP  n HZ OP 

0.01 Hz 

Zhai [172] 26 0.88 0.88  24 0.86 0.85 

2.5% - 7.5% 27 0.91 0.91  24 0.89 0.88 

15% - 20% 27 0.85 0.86  24 0.90 0.89 

0.055 Hz 

Zhai [172] 27 0.84 0.84  26 0.85 0.83 

2.5% - 7.5% 28 0.91 0.92  26 0.87 0.87 

15% - 20% 28 0.85 0.86  26 0.87 0.87 

0.1 Hz 

Zhai [172] 26 0.79 0.80  26 0.79 0.77 

2.5% - 7.5% 27 0.85 0.86  25 0.84 0.84 

15% - 20% 27 0.86 0.87  26 0.85 0.85 

 

 Bland-Altman analyses of the agreement between ramp compression and indentation outcomes 

calculated using the small (Table 11) and large (Table 12) TMM samples further confirmed qualitative 

observations from the scatterplots. Significant (p<0.001) positive mean differences (MDs) were 

observed for all testing conditions and models, ranging from 8.79 kPa to 64.96 kPa. Standard deviation 

(STD) of the MDs, an indicator of variance in agreement of indentation and ramp compression 

outcomes, ranged from 11.83 kPa to 57.79 kPa. The best agreement was generally observed for small 

geometry samples with the OP model used to calculate the Zhai [172] moduli (MDs ≤15 kPa, STD MD 

≤13 kPa). The poorest agreement was generally observed for the OP model used to calculate the 15% to 

20% moduli. This was observed in both large and small geometry samples (MDs ≥50 kPa, STD MD ≥19 

kPa). 
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Comparing indentation model agreement with ramp compression outcomes, the HZ MDs were 

generally higher than the OP MDs at low strains (Zhai [172] and 2.5% to 7.5%) while the trend reversed 

for the 15% to 20% moduli. The STD of the MDs did not differ substantially across models. Sample 

geometry appeared to only be a factor for the 15% to 20% moduli, where larger geometry samples 

generally exhibited substantially lower MDs than small geometry samples. STD of the MD was generally 

consistent between sample geometries across all testing parameters. Differences in agreement between 

indentation and ramp outcomes with testing speed were only observed for large sample geometries and 

15% to 20% moduli, with testing speeds above 0.01Hz resulting in a 7kPa to 15kPa reduction of the MD. 

Again, STDs of the MD were consistent across testing speeds for all parameters. Considering the 

agreement across the different strain ranges, there was generally improved agreement (lower MDs and 

STDs of the MD) of the Zhai [172] moduli compared to the 15% to 20% moduli. In comparison, MDs of 

the 2.5% to 7.5% moduli were generally higher than those of the Zhai [172] moduli, but STDs of the MD 

were fairly consistent between the two strains. Variance in the MDs was consistently high (>20kPa) for 

the 15%-20% moduli under all testing conditions and indentation models.  

Table 11 Bland Altman test results for exact agreement of the elastic moduli (E) calculated from unconfined ramp compression testing (Ramp) 
and flat cylindrical tip indentation testing (Indent) in homogeneous oil-in-gelatin tissue mimicking phantoms for samples with small (SM) 

geometry (thickness < 5mm). Testing was conducted at three quasi-static testing rates (0.01 Hz, 0.055 Hz, 0.1 Hz). E was calculated using linear 

elastic models on the force-displacement or stress-strain curve. in the toe region using Zhai et al.’s [172] methods (Zhai),  from 2.5% to 7.5% 
strain, or from 15% to 20% strain. For indentation moduli, the Hayes-Zhang (HZ) [111], [112] or  Oliver Pharr indentation model [109] were 

used. The number of observations (n), mean difference (MD), standard deviation of the mean difference (STD), standard error of the mean 

difference (SE), and the 95% confidence interval (CI) on the mean difference are included. All MDs were significant to the level of p<0.001. 
 

Rate 
(Hz) 

Strain 
Range 

(%) 

HZ  OP 

n 
MD 

(kPa) 
STD 

(kPa) 
SE  95% CI  n 

MD 
(kPa) 

STD 
(kPa) 

SE 95% CI 

0.01  

Zhai [172] 26 28.02 12.12 0.47 (4.26,51.78)  26 15.35 10.54 0.41 (-4.31,37.01) 

2.5 – 7.5 27 39.82 15.38 0.57 (9.68,69.96)  27 30.97 12.72 0.47 (6.04,55.90) 

15 – 20 27 55.72 26.93 1.00 (2.93,108.50)  27 64.96 23.91 0.89 (18.09,111.83) 

0.055 

Zhai [172] 27 22.10 12.96 0.48 (0.67, 47.51)  27 8.79 11.83 0.44 (-14.39,31.97) 

2.5 – 7.5 28 34.85 14.67 0.52 (6.07,63.64)  28 24.37 12.22 0.44 (0.43,48.32) 

15 – 20 28 41.74 24.02 0.86 (-5.35,88.83)  28 52.84 20.20 0.72 (12.24,92.44) 

0.1 

Zhai [172] 26 23.14 12.67 0.49 (-1.70,47.97)  26 10.57 13.35 0.51 (-15.60,36.73) 

2.5 – 7.5 27 36.82 14.88 0.55 (7.66,65.99)  27 26.85 13.10 0.48 (1.20,52.51) 

15 – 20 27 48.95 25.68 0.95 (-1.38,99.28)  27 59.19 21.08 0.78 (17.88,100.51) 
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Table 12 Bland Altman test results for exact agreement of the elastic moduli (E) calculated from unconfined ramp compression testing (Ramp) 
and flat cylindrical tip indentation testing (Indent) in homogeneous oil-in-gelatin tissue mimicking phantoms for samples with large (LG) 

geometry (thickness > 5mm). Testing was conducted at three quasi-static testing rates (0.01 Hz, 0.055 Hz, 0.1 Hz). E was calculated using linear 

elastic models on the force-displacement or stress-strain curve. in the toe region using Zhai et al.’s [172] methods (Zhai),  from 2.5% to 7.5% 
strain, or from 15% to 20% strain. For indentation moduli, the Hayes-Zhang (HZ) [111], [112] or  Oliver Pharr indentation model [109] were 

used. The number of observations (n), mean difference (MD), standard deviation of the mean difference (STD), standard error of the mean 

difference (SE), and the 95% confidence interval (CI) on the mean difference are included. All MDs were significant to the level of p<0.001. 
 

Rate 
(Hz) 

Strain 
Range 

(%) 

HZ  OP 

n 
MD 

(kPa) 
STD 

(kPa) 
SE 95% CI  n MD 

STD 
(kPa) 

SE 
(kPa) 

95% CI 

0.01  

Zhai [172] 24 26.53 14.20 0.59 (-1.30,54.36)  24 20.68 13.67 0.57 (-6.12,47.48) 

2.5 – 7.5 24 38.46 15.39 0.64 (8.30,68.62)  24 33.89 14.39 0.60 (5.68,62.10) 

15 – 20 24 35.54 19.85 0.83 (-3.37,74.45)  24 57.79 19.02 0.79 (20.52,95.07) 

0.055 

Zhai [172] 26 24.10 13.34 0.51 (-2.04,50.24)  26 18.27 13.14 0.51 (-7.48,44.01) 

2.5 – 7.5 26 36.20 13.96 0.54 (8.84,63.56)  26 31.45 13.21 0.51 (5.54,57.36) 

15 – 20 26 25.10 23.88 0.92 (-21.69,71.90)  26 50.12 18.73 0.72 (13.41,86.83) 

0.1 

Zhai [172] 26 22.63 13.60 0.52 (-4.03,49.29)  26 16.80 13.46 0.52 (-9.59,43.19) 

2.5 – 7.5 25 36.52 15.05 0.50 (7.03,66.02)  25 31.65 14.36 0.57 (3.50,59.79) 

15 – 20 26 25.53 26.03 1.00 (-25.49,76.56)  26 50.77 21.09 0.81 (0.34,92.11) 

 

 The efficacy of the Delaine-Smith [88] correction was investigated. Knowing that correlations are 

invariant to linear transformations, only the Bland-Altman analysis was re-examined for the Delaine-

Smith et al.’s [88] correction to the HZ and OP model data. There were five cases for the HZ model and 

no cases for the OP model in which the Delaine-Smith [88] correction reduced MDs to levels of non-

significance while maintaining low STDs of the MDs (<15 kPa). Two of these cases were for the small 

sample geometry (HZ Zhai [172] at 0.01 Hz, HZ 2.5%-7.5% at 0.055Hz) and three were for the large 

sample geometry (HZ Zhai [172] at 0.01 Hz, HZ 2.5%-7.5% at 0.055 Hz, HZ 2.5%-7.5% at 0.1Hz), while all 

cases were for moduli calculated over the Zhai [172] or 2.5%-7.5% strain ranges. For the HZ model 

applied to data from both small and large geometry samples, the correction resulted in substantial 

increases to the STD of the MD for all moduli calculated from 15%-20% strains. For the OP model 

applied to both sample geometry conditions, the correction had no substantial impact on STDs of the 

MD, while MDs were unaffected or increased.  
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Table 13 Bland Altman test results for exact agreement of the elastic moduli (E) calculated from unconfined ramp compression testing (Ramp) 
and Delaine-Smith et al.’s [88] linear regression correction for flat cylindrical tip indentation testing (Indent) of homogeneous oil-in-gelatin 

tissue mimicking phantoms for samples with small (SM) geometry (thickness < 5mm). Testing was conducted at three quasi-static testing rates 

(0.01 Hz, 0.055 Hz, 0.1 Hz). E was calculated using linear elastic models on the force-displacement or stress-strain curve. in the toe region using 
Zhai et al.’s [172] methods (Zhai),  from 2.5% to 7.5% strain, or from 15% to 20% strain. For indentation moduli, the Hayes-Zhang (HZ) [111], 

[112] or  Oliver Pharr indentation model [109] were used. The number of observations (n), mean difference (MD), standard deviation of the 

mean difference (STD), standard error of the mean difference (SE), and the 95% confidence interval (CI) on the mean difference are included. 
MDs significant to the level of p<0.05 are marked with *. 

Rate 
(Hz) 

Strain 
Range 

(%) 

HZ  OP 

n 
MD 

(kPa) 
STD 

(kPa) 
SE 95% CI  n 

MD 
(kPa) 

STD 
(kPa) 

SE 95% CI 

0.01  

Zhai [172] 27 -0.40 12.82 0.49 (-25.53,24.73)  27 22.58* 11.54 0.44 (-25.53,24.73) 

2.5 – 7.5 27 12.64* 12.58 0.47 (-12.02,37.29)  27 36.42* 14.62 0.54 (7.77,65.07) 

15 – 20 27 -31.08* 77.34 2.86 (-182.66,120.50)  27 63.01* 24.09 0.89 (15.79,110.23) 

0.055 

Zhai [172] 28 -10.81* 14.13 0.52 (-38.50,16.88)  28 16.22* 12.56 0.47 (-8.39,40.83) 

2.5 – 7.5 28 3.09 13.41 0.48 (-23.20,29.39)  28 31.04* 13.89 0.50 (3.81,58.27) 

15 – 20 28 -63.54* 79.18 2.83 (-218.74,91.66)  28 50.66* 20.42 0.73  (10.64,90.69) 

0.1 

Zhai [172] 27 -7.80* 19.09 0.73 (-45.22,29.61)  27 17.47* 12.62 0.49 (-7.26,42.20) 

2.5 – 7.5 27 6.67* 16.42 0.61 (-25.52,38.85)  27 33.10* 14.21 0.53 (5.25,60.96) 

15 – 20 27 -48.60* 88.23 3.26 (-221.54,124.33)  27 57.11* 21.37 0.79 (15.22,99.00) 
 

Table 14 Bland Altman test results for exact agreement of the elastic moduli (E) calculated from unconfined ramp compression testing (Ramp) 
and Delaine-Smith et al.’s [88] linear regression correction for flat cylindrical tip indentation testing (Indent) of homogeneous oil-in-gelatin 

tissue mimicking phantoms for samples with large (LG) geometry (thickness > 5mm). Testing was conducted at three quasi-static testing rates 

(0.01 Hz, 0.055 Hz, 0.1 Hz). E was calculated using linear elastic models on the force-displacement or stress-strain curve. in the toe region using 
Zhai et al.’s [172] methods (Zhai),  from 2.5% to 7.5% strain, or from 15% to 20% strain. For indentation moduli, the Hayes-Zhang (HZ) [111], 

[112] or  Oliver Pharr indentation model [109] were used. The number of observations (n), mean difference (MD), standard deviation of the 

mean difference (STD), standard error of the mean difference (SE), and the 95% confidence interval (CI) on the mean difference are included. 
MDs significant to the level of p<0.05 are marked with *. 

Rate 
(Hz) 

Strain 
Range 

(%) 

HZ  OP 

n 
MD  

(kPa) 
STD 

(kPa) 
SE 95% CI  n 

MD 
(kPa) 

STD 
(kPa) 

SE 95% CI 

0.01  

Zhai [172] 24 -3.78 11.35 0.47 (-26.03,18.47)  24 26.18* 14.93 0.62 (-3.09,55.45) 

2.5 – 7.5 24 7.18* 11.86 0.49 (-16.06,30.42)  24 39.34* 16.09 0.67 (7.80,70.88) 

15 – 20 24 -82.91* 69.85 2.91 (-219.83,54.00)  24 55.65* 18.91 0.79 (18.59,92.71) 

0.055 

Zhai [172] 26 -7.73* 12.21 0.47 (-31.66,16.20)  26 24.06* 14.25 0.55 (-3.87,51.99) 

2.5 – 7.5 26 2.68 13.60 0.52 (-23.98,29.33)  26 37.38* 14.68 0.56 (8.61,66.14) 

15 – 20 26 -106.57* 85.26 3.28 (-273.69,60.55)  26 47.85* 18.83 0.72 (10.95,84.75) 

0.1 

Zhai [172] 26 -9.20* 13.90 0.53 (-36.40,18.08)  26 22.58* 14.24 0.55 (-5.33,50.49) 

2.5 – 7.5 25 2.02 14.15 0.57 (-25.72,29.75)  25 37.79* 15.64 0.63 (7.13,68.45) 

15 – 20 26 -107.17 88.02 3.39 (-279.68,65.34)  26 48.49* 21.18 0.81 (6.99,89.99) 

 
Combining findings from the correlation and Bland-Altman analyses, a representative best case 

and a representative worst case were selected for graphical representation. The small sample with the 

OP model used to calculate the Zhai  [172] modulus at 0.01 Hz was selected as a representation of the 

best case due to its high correlation (CC = 0.88) combined with the low variance in agreement with ramp 
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compression (MD STD = 10.54 kPa) and relatively low MD (MD = 15.35 kPa) (Figure 32A and B). Despite 

its high correlation (CC = 0.86), the small sample with the HZ model used to calculate the 15%-20% 

modulus yielded one of the highest MDs (MD = 48.95 kPa) and one of the highest variances on the MD 

(STD MD = 25.68 kPa) (Figure 32C and D). Correlation plots effectively visualized that the slope of the 

trendline for the best-case condition (Figure 32A) was almost 1 and that the bias and variability of the 

agreement between ramp compression and indentation outcomes were the main factors impacting 

model validity (Figure 32A and B). Interestingly, the agreement of ramp compression and the worst-case 

(C)                                                                                     (D)       

(D) 

(A)                                                                                    (B)         

(B) 

Figure 32 Agreement of elastic modulus (E) calculated in kilopascals (kPa) from unconfined ramp compression testing (Ramp) and flat 

cylindrical tip indentation testing (Indent) in small samples (thickness < 5mm) of homogeneous oil-in-gelatin tissue mimicking phantoms shown 

using correlation plots (A, C) and Bland Altman plots (B, D) for two cases. Agreement of indentation E with ramp E yielded the lowest variability 
(standard deviation (SD) of the mean difference) for the Oliver Pharr model [109] model with testing conducted at 0.01 Hz with E calculated 

using Zhai et al’s [172] methods (A, B). Agreement of indentation E with ramp E yielded the highest variability for the Hayes-Zhang model [111], 

[112] with testing conducted at 0.1 Hz with E calculated from 15% to 20% strain on the force-displacement curve (C, D). Correlation plots (A,C) 
show a perfect correlation (dashed line) and the true correlation of the indentation and ramp data (solid line). Bland Altman plots show the mean 

difference (solid line) and 95% confidence interval on the limits of agreement (dashed line). 
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condition appeared to be similarly rooted in a substantial bias and high variance (Figure 32C and D), but 

also a significant deviation in the trendline from a slope of 1 (Figure 32C). 

 

 

 Discussion 
Findings from this work provided a thorough characterization of the agreement between 

indentation and ramp compression testing for a variety of testing parameters and models, further 

enhancing the work done by Delaine-Smith et al. [88]. The results here continue to support the use of 

indentation testing as an accessible, economical method for characterizing soft tissue material 

properties. However, the large sample size facilitated a more robust quantification of the agreement 

between indentation and ramp compression estimates of the elastic modulus under a variety of testing 

parameters (speed, strain range, sample geometry) for two common indentation models (OP, HZ).  

 

 Indentation Model 
 When the data are separated to determine differences in the OP and HZ indentation moduli 

agreement with ramp compression moduli, a few observations were made. The scatterplots (Figure 29, 

Figure 30, Figure 31) and correlation outcomes (Table 10) do not reveal any substantial differences 

between OP and HZ agreement with ramp compression outcomes. Trends in the data (e.g. variance, 

trendlines, biases) appear strikingly similar, while correlations of HZ and OP indentation outcomes with 

ramp compression outcomes were also almost identical for all testing conditions (speed, strain, sample 

geometry). The Bland-Altman analyses (Table 11,  

Table 12) suggest a possible interaction between the indentation model and the strain range. For the 

Zhai [172] and 2.5%-7.5% strain ranges outcomes, the HZ model yielded MDs that were 6kPa to 14kPa 

larger than for the OP model, depending on sample geometry. In contrast, for the 15%-20% moduli, the 

OP model yielded MDs that were 9kPa to 25kPa larger than for the HZ model. However, the STD of the 
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MDs between the indentation and ramp compression outcomes did not vary substantially (<5kPa) 

between the HZ and OP models.  

 The findings from this study suggest that the OP model may provide more accurate outcomes 

when working in low strain ranges (Zhai [172] or 2.5%-7.5%), while the HZ model may improve validity 

for indentation moduli calculated over larger strain ranges (15%-20%). Interestingly, Delaine-Smith et al. 

[88] also observed higher deviation between indentation and ramp compression testing for the HZ 

compared to the OP model, however this deviation was observed at both the 2.5%-7.5% and the 15%-

20% strain ranges with a qualitatively much better fit between the ramp compression moduli and the OP 

moduli than the HZ moduli. Coefficients from Delaine-Smith et al. [88] correction equations for both 

models also indicate a much larger deviation between the HZ model and ramp compression moduli at 

the both the 2.5%-7.5% and 15%-20% strain ranges, compared to the OP model. However, the data 

presented by Delaine-Smith et al. [88] were limited to n = 7 samples, included a smaller range of 

material stiffnesses, and more robust analyses were not included. The Zhang et al. [111] correction for 

the HZ model was developed particularly for larger strain applications (up to 20%), thus findings here do 

indeed align with the intended application of the HZ model.  

 

 Sample Geometry 
When sample geometry was maintained above thresholds indicated in the literature (Ts:Φi>1, Φs:Φi>2, 

Φs:Ts>3) [88], [110]–[114], several observations can again be made. Referring to the scatterplots (Figure 

29, Figure 30, Figure 31) and the correlation outcomes (Table 10), TMM sample geometry did not 

appear to impact the agreement between indentation and ramp compression outcomes. Variance in the 

data did not differ substantially between small and large geometry samples and trends in the 

scatterplots were consistent across the two conditions, as were biases. Similarly, correlations did not 

differ between large and small sample geometries by more than 0.04, and higher correlations did not 
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appear to be associated with a particular geometry condition. Referring to the Bland-Alman results 

(Table 11, Table 12), an interaction between TMM sample geometry and strain range may exist. In the 

case of the Zhai [172] and 2.5%-7.5% moduli, MDs were almost identical when small and large geometry 

outcomes were compared; there was generally less than 6kPa separating the small and large sample 

MDs. In contrast, 15%-20% strain moduli MDs were up to 22kPa higher for small sample geometries 

compared to large sample geometries. The STDs of the MDs showed fairly good agreement between 

small and large geometry samples, with generally less than 6kPa difference in agreement.  

 General trends in the data suggested that sample geometry was not a major consideration at 

the lower strain ranges (Zhai [172] and 2.5%-7.5%). However, when indentation for larger strain 

applications is desired (i.e. 15%-20%), larger sample geometries (i.e. Ts>5mm) generally appeared to 

improve exact agreement. Interestingly, recommendations around sample geometry for indentation 

testing are often reported throughout the literature as a function of sample thickness (Ts), sample 

diameter (Φs), and indenter diameter (Φi). Reviewing several indentation studies,  the following 

guidelines were recommended to yield outcomes that are invariant to sample geometry: Ts:Φi>1, 

Φs:Φi>2, Φs:Ts>3 [88], [110]–[114]. Moreover, Delaine-Smith et al. [88] (n = 7) observed that the OP 

model functioned superiorly for sample geometries with Ts:Φi>1 and Φs:Φi>4, while the HZ model was 

superior for specimens with Ts:Φi<1 and/or Φs:Φi<4. Our sample geometries ranged over 1.9<Ts:Φi<5.0, 

6.3<Φs:Φi<13.7, 1.9<Φs:Ts<5.0, which satisfy recommendations from both Delaine-Smith et al. [88] and 

the general literature [88], [110]–[114]. However, depending on the strain range, these findings 

suggested that even at these well accepted geometric conditions, sample geometry may still impact the 

validity of indentation testing. Further study of sample geometry impacts on indentation testing validity 

may be required.   
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 Testing Speed 
 Analyzing the impact of testing speed on the agreement of indentation and ramp compression 

outcomes, scatterplots did not indicate any noticeable impact in variance in the data, trendlines, or 

biases. Interestingly, the correlation analysis suggested a possible interaction between testing speed, 

and strain range. Correlations between indentation and ramp compression outcomes at the highest 

testing rate (0.1Hz) were up to 0.09 lower than those at the lowest testing rate (0.01Hz), but only for the 

Zhai [172] strain range. For all other cases, deviations in correlation coefficients across speeds were 

generally <0.05. MDs calculated in the Bland Altman analysis again suggested a possible interaction 

between the speed and strain range. Moduli calculated from the lowest testing rate over the 15%-20% 

strain range exhibited MDs that were up to 15kPa higher than those calculated at the higher testing 

speeds. Again, STDs of the MD did not appear to change substantially with testing speed.  

 The agreement of indentation and ramp compression moduli also exhibited a possible 

interaction with the strain range. Generally, for indentation moduli calculated in the Zhai [172] strain 

range, a lower testing rate of 0.01Hz yielded the best agreement with ramp compression outcomes. In 

contrast, indentation moduli calculated over the 2.5%-7.5% and 15%-20% strain ranges yielded similar 

results at all testing speeds. These findings did not agree with those of Delaine-Smith et al. [88], who 

found that load-displacement profiles deviated only beyond 5% strain across 0.1%/s, 1%/s, and 10%/s 

testing speeds. As a reference, the testing frequencies used in the study corresponded approximately to 

strain rates of 0.03%/s, 0.19%/s, and 0.34%/s for small samples and 0.06%/s, 0.32%/s, and 0.58%/s for 

large samples, respectively. While speed standardization according to frequency, rather than strain rate, 

is an approach more conducive to dynamic testing, this does not appear to have confounded the results 

in this case, due to the relatively consistent findings for sample geometry and testing speeds. Further, 

the lower minimum testing speed used in this study may have illuminated that the definition of a quasi-

static indentation testing speed should not be assumed. Appropriate quasi-static testing speeds for the 
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model and material of interest should be confirmed prior to commencing large scale data acquisition in 

fresh tissues.  

 

 Strain Range 
 Visual inspection of the scatterplots suggests increased biases and larger variability in the data 

for the 15%-20% strain range, compared to the two lower strain ranges. The trends of the data exhibited 

a higher slope for the Zhai [172] and 2.5%-7.5% strain ranges compared to the 15%-20% strain range. A 

possible interaction between speed and strain is indicated by different correlations across strain ranges 

with different testing speeds. At the 0.01Hz testing rate, indentation outcomes correlated fairly well 

(<0.05 difference in CCs) across the three strain ranges. However, CCs between the Zhai [172] ramp 

compression moduli decreased to <0.80 at the 0.1Hz testing rate, while 2.5%-7.5% and 15%-20% moduli 

remained more consistent. Thus, there was a larger range in CCs between indentation and ramp 

compression outcome across the three strain ranges at the 0.1Hz testing rate. However, all correlations 

remained excellent, suggesting that this may not be an important trend. Bland Altman analyses 

suggested a possible interaction between sample geometry, model, and strain range. Small samples for 

all models and large samples for the OP model showed that MD increased from the Zhai [172] moduli to 

the 2.5%-7.5% and then again to the 15%-20% moduli. The 15%-20% MDs were generally 20kPa to 

45kPa higher than the Zhai [172] moduli. This trend was not consistently observed for the HZ model 

applied to data from the large samples. Finally, across all models and testing conditions, STD of the MD 

was notably higher for outcomes from the 15%-20% strain range, compared to both the Zhai [172] and 

the 2.5%-7.5% cases. 

 Findings from this study suggested that indentation moduli calculated at larger strains (i.e. 15%-

20%) may exhibit lower with ramp compression moduli in terms of the MD and/or the STD of the MD, 

compared to outcomes from the lower strain ranges. While Delaine-Smith et al. [88] did not explicitly 
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discuss the quality of agreement between indentation and ramp compression outcomes across the 

different strain rates, the coefficients of their proposed corrections for the HZ and OP models at 2.5%-

7.5% and 15%-20% strain do indeed suggest higher observed deviations between 15%-20% moduli 

compared to the lower strain moduli for both the HZ and OP model. Considering the potential sources of 

error and the potential for error propagation with increasing strain, this finding may be mechanically 

valid. For example, two common sources of error in mechanical testing studies are (i) the determination 

of surface contact, (ii) ensuring level and even surface contact. Should either of these sources of error be 

present in testing, there would be a shift in the stress-strain curve that may not be as prominent in the 

toe region, but with increasing strain would be far more pronounced. This error could impact both 

indentation and ramp compression approaches, decreasing the quality of agreement. Thus, with 

increased accuracy in determining surface contact and in ensuring even surface contact, lower 

agreement at high strains may be alleviated.  

 

 Evaluation of Delaine-Smith et al.’s [88] Indentation Model Corrections 
 Findings around the efficacy of Delaine-Smith et al.’s [88] corrections for the HZ and OP models 

were not ideal. Corrections only improved agreement between indentation and ramp compression 

outcomes for five of 36 cases. When corrections were effective, it was only in the case of HZ models 

applied to low strains (i.e. Zhai  [172] or 2.5%-7.5%). Beyond this, sample geometry and testing rate did 

not appear to be determining factors around model success and in many cases, applying the correction 

actually decreased agreement between indentation and ramp compression outcomes. It was theorized 

that poor performance of the model corrections may be due in part to the large number of conditions 

investigated here that Delaine-Smith et al. [88] did not incorporate into their model development. Thus, 

Delaine-Smith et al.’s [88] corrections do not appear to be robust and changes to a variety of testing 

parameters may invalidate the correction. Additionally, the OP correction did not appear to improve 
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indentation and ramp compression agreement at all in this case. With this in mind, application of 

Delaine-Smith et al.’s [88] correction equations is not recommended without thorough validation over 

the range of material properties expected for the tissues of interest. 

 

 Error Bounds and Selecting the Appropriate Testing Conditions 
 Using a combination of scatterplot, correlation, and Bland-Altman analysis findings, 

representative best and worst cases were selected. The small sample with the OP calculation of the Zhai 

[172] modulus at the 0.01 Hz testing rate and the small sample with HZ calculation of the 15% to 20% 

modulus at the 0.1Hz testing rate were treated as the best case and worst case, respectively (Figure 32). 

Correlations between indentation and ramp compression outcomes for both the best (CC = 0.88) and 

worst case (CC = 0.86) were high, which was consistent with the entire data set. However, the MD (best 

= 15.35 kPa, worst = 48.95 kPa) and STD of the MD (best = 10.54 kPa, worst = 25.68) were quite 

different. Thus, there was an extremely large range on the possible error in indentation outcomes that 

appeared to depend on a variety of factors including the indentation model, strain range, sample 

geometry, and testing speed, with the strain range possibly exhibiting important interactions with all of 

these variables. With this in mind, parameter selection for indentation testing to characterize tissue 

properties is highly dependent on the relevant in vivo strains applied to the tissues of interest. 

Depending on the relevant strains, recommendations around the appropriate indentation model (OP = 

low strain, HZ = high strain), sample geometry (high strain = large, low strain = small or large), testing 

speed (Zhai  [172] strain = low speed, 2.5%-7.5% or 15%-20% = any rate up to 0.1 Hz) will vary. Further, 

while there is an extensive data set provided between this study and that of Delaine-Smith et al. [88], it 

is highly recommended that selected testing parameters and models be validated on a case-by-case 

basis with a sample of TMMs. 
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 Mechanical Testing Outcomes 

Load displacement curves from indentation testing and ramp compression testing visualized the 

presence of minor hysteresis, confirming the viscoelastic nature of the oil-in-gelatin phantoms tested in 

this study. The span of the toe region, measured as strain in %, was used to assess non-linearity of the 

phantoms, along with the presents of friction. The toe region of phantoms was significantly largest for 

the indentation testing in small samples (15.12% < εtoe < 17.12%, p<0.001). The second largest toe region 

was observed for the indentation testing in the large geometry samples (11.66% < εtoe < 11.89%, 

p<0.001). The smallest toe region was observed for the ramp compression testing (1.73% < εtoe < 1.84%). 

Finally, there were significant positive correlations between the span of the toe region and the volume 

% of oil in each phantom, which were consistently observed across all tests and testing rates. These 

findings suggest the notable presence of non-linearity, viscoelasticity, and the possibility of friction.  

 

 Limitations 
The findings from this study need to be considered within the context of the limitations of this 

work. The indentation and ramp compression models included in this work assume a linear elastic 

material. While the oil-in-gelatin phantoms here were indeed homogeneous and isotropic, other factors 

such as the presence of viscoelasticity, friction, and non-parallel surfaces during mechanical testing may 

have impacted outcomes. Quasi-static testing rates and small deformations, lubricated testing surfaces 

(safflower oil), and prescribed cutting jigs were used, respectively, in an attempt to eliminate these 

factors. However, viscoelasticity of the phantom materials may have been responsible for trends across 

the testing rates. Friction between the loading jig and the material during testing could have increased 

estimates of the elastic modulus. However, in this cases friction was not included as a study outcome. 

Further, non-parallel testing surfaces would have elongated to the toe region of the stress-strain curves 

and decreased the measured elastic moduli. 
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In comparing mechanical testing and elastography outcomes, another limitation to this work is 

the use of quasi-static mechanical testing as a comparator for shear wave elastography loading, which is 

dynamic in nature. Some groups have implemented dynamic indentation mechanical testing for SWE 

applications, as it is thought to better represent the dynamic loading of SWE in vivo [90], [106], [291]. 

While quasi-static tissue testing does not simulate the high loading frequencies observed in SWE [115], 

it can still provide accurate, efficient, and accessible means of characterizing tissue stiffness [71], [72], 

[172] and is often selected for estimating tissue stiffness [71], [72], [113], [172]. In a comparison of a 

dynamic and quasi-static mechanical testing methodologies, Omari et al. [89] observed that quasi-static 

testing results exhibited comparable trends to those observed with dynamic testing, though generally 

yielding larger amplitude outcomes. Further, Oudry et al. [95] observed consistent results between 

dynamic and quasi-static mechanical testing when compared to SWE testing outcomes. 

It should be noted that the Zhai [172] strain range over which the modulus was calculated was 

set from 0% to the error threshold for a linear model. Thus, the peak strain over which the modulus was 

calculated was determined on a case-by-case basis. In the case of the ramp compression tests, it was 

initially intended that the peak strain would be matched to the corresponding indentation tests, 

however the indentation peak strain always exceeded the error threshold for a linear model on the 

ramp compression tests. Further, preliminary analyses showed better agreement with strain ranges 

individualized to each loading curve. Thus, strain ranges for the Zhai [172] strain range did not agree 

exactly between the indentation and ramp compression modulus calculations. 

Similarly, the use of a testing frequency, rather than a set strain rate, combined with slightly 

variable sample geometries yielded strain rates that were slightly variable at each testing frequency. 

This may have been a source of some of the relatively variance in the agreement between the 

indentation and ramp testing outcomes. However, the strain rates for each testing frequency were 

always on the same order of magnitude and did not deviate substantially within a given frequency 
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condition and sample geometry condition due to general consistency of the sample geometries. 

Regardless, future quasi-static validation of indentation testing parameters is recommended to 

parameterize testing speed as a strain rate rather than a frequency.  

In Zhang et al.’s [111] development of the updated coefficients for the Hayes model [112], finite 

element modelling showed that friction between the indenter tip and test surface increases with the 

ratio of the indenter diameter (Φi) to the indentation depth (h). While this effect can be ignored at 

smaller Φi
ℎ⁄ , friction should be considered for larger ratios (Φi

ℎ⁄ >2) as it can theoretically cause 

substantial error in estimates of the elastic modulus. In reality, error may be up to 33% for Φi
ℎ⁄ = 2. 

With the knowledge that the indenter diameter for this study was 1.6mm, sample thickness for small 

samples was less than 5mm, and indention was performed up to 25% strain, friction between the 

indenter and material surface may have been a substantial source of error and may have decreased the 

agreement of indentation and ramp compression outcomes. This potential source of error may be 

adjusted by testing over a smaller strain range and adjusting the indenter diameter, while maintaining 

the necessary boundary conditions for the model being applied [88], [110]–[114]. 

 Deviations between findings here and those of Delaine-Smith et al. [88] may have also been 

impacted by preloading of the samples. Delaine-Smith et al. [88] preloaded all samples to 0.5mN, 

whereas in this study samples were not preloaded, and were completely unloaded prior to testing and 

in between loading cycles. Further, samples in this study were preconditioned over 10 loading cycles and 

then moduli were calculated from an ensemble average of 10 loading cycles after preconditioning. In 

contrast, Delaine-Smith et al. [88] did not discuss preconditioning or the number of loading trials used to 

generate each estimate of the modulus. We suspect that preconditioning was likely a negligible source 

of error due to the small amplitude used by Delaine-Smith et al. [88]. However, the use of ensemble 

averaging across multiple loading cycles in this study may have yielded more robust estimates of the 
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elastic modulus. Regardless, these different approaches may have been another source of some of the 

disagreement between findings from this study and those of Delaine-Smith et al. [88]. 

 

 Conclusion 
Findings from this study indicated strong relationships between indentation and ramp compression 

outcomes for both HZ and OP models. However, the exact agreement of indentation models with ramp 

compression moduli was dependent on the strain range over which the modulus was calculated, where 

the OP model showed better agreement at low strain ranges and the HZ model showed better 

agreement at high strain ranges. Considering the range of testing parameters, sample geometry did not 

appear to be a mediator except, perhaps, at high strain ranges, in which case outcomes from testing on 

larger samples (>5mm) exhibited better agreement. Similarly, testing rate was only a potential mediator 

for outcomes calculated at specific strain ranges, where indentation outcomes calculated at the Zhai 

[172] strain range showed the best agreement with ramp compression outcomes for the lowest testing 

rate (0.01Hz). Beyond this, testing rate did not appear to impact the agreement of indentation and ramp 

compression outcomes. Finally, high strain ranges yielded the poorest agreement between indentation 

and ramp compression outcomes, while the low strain ranges performed relatively well. The Delaine-

Smith et al. [88] corrections for the OP and HZ models did not improve agreement with ramp 

compression outcomes consistently over the parameters considered in this study. Guidelines around 

parameter selection for indentation test of soft tissue are dependent on the relevant in vivo strains 

applied to the tissues of interest and validation of testing parameters and models using a sample of 

TMMs is recommended prior to ex vivo indentation testing of soft tissues. 
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5 Study 3: Flat Tip Indentation Testing as a Validation Tool for 

Ultrasound Elastography in a Tissue Mimicking Homogeneous 

Phantom Model 

 Introduction 
Ultrasound elastography (UE) is a medical imaging modality capable of estimating tissue 

stiffness. Similar to manual palpation used by physicians, a pressure or load is applied to the tissue and 

different responses (soft vs. stiff) can indicate areas of potential pathology. Shear wave elastography 

(SWE), a UE method employed by many commercial elastography systems (e.g. SuperSonic Imagine, Aix-

en-Provence, France [115]), uses acoustic radiation force from ultrasound or external vibrators to 

generate shear waves in soft tissue [115]. The mechanical relationship between shear wave speed and 

the elastic modulus of soft tissue allows for SWE estimation of tissue “stiffness” (i.e. the elastic modulus; 

kPa), under a series of assumptions. Since its development, SWE has been suggested as a method for 

screening and monitoring a variety of pathologies [29], [32], [277]–[282], [269]–[276]. SWE has been 

shown to improve sensitivity and specificity of medical imaging diagnosis for some breast and liver 

pathologies [270], [272], [273], [276], [277], [279], [280]. More recently, SWE displaced liver biopsy as 

the standard of care for staging liver fibrosis in cases of chronic hepatitis B and C [60], [270], [272], 

[277], [283]–[287]. Research shows that tissue stiffness correlates significantly with tissue histology for 

many pathologies [38], [56], [270]–[273], [277], [288]–[290]. Yet, the adoption of SWE is dependent on 

the accessibility of validation techniques for each relevant clinical application. 

In order to assess the validity and clinical utility of SWE for characterizing soft tissue properties, 

mechanical testing is generally regarded as the gold standard in material characterization [54], [71], 

[72], [89], [106], [113], [172], [186]. Mechanical testing of solid materials involves controlled 

deformation of a material, while measuring force and displacement [127]. The force-displacement curve 
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can then be used in combination with various assumptions and mathematical models to estimate the 

elastic modulus (E). While materials science differentiates E from the concept of tissue stiffness, for the 

sake of clinical terminology and accessibility, the terms will be used interchangeably here.  

Mechanical testing for SWE validation may involve loading the tissues in compression or tension. 

While tensile testing is most appropriate for tissues loaded under tension in vivo (i.e. muscles, tendons, 

blood vessels) [94], [170], [225], [231]–[233], it requires gripping or clamping of the sample. Thus, 

tensile testing outcomes may be vulnerable to error due to sample slipping at the grips or may result in 

damage of the soft tissue by the grips [88]. Compression mechanical testing is often used as the gold 

standard for SWE applications in tissues that are not subject to primarily tensile loads in vivo [54], [89], 

[90], [106], [113], [224]–[227]. Specifically, unconfined ramp compression testing of soft tissues is 

generally regarded as the ideal method for validating SWE. Previous work by our team investigating the 

validity of linear, curvilinear, and endoprobe SWE using unconfined ramp mechanical testing in 

homogeneous tissue mimicking phantoms showed acceptable agreement of linear probe and curvilinear 

probe SWE up to 5cm target depths, and endoprobe SWE below 3cm target depths (Section 3). Yet 

mechanical testing of fresh healthy and pathological tissues, which is required for validating SWE as a 

clinical tool, is not ideally suited to unconfined ramp compression mechanical testing.  

Limitations around the surgical sampling procedures for fresh tissue (e.g. minimally invasive 

approaches), geometrical irregularities (e.g. non-uniform tissue resection), sample geometries (e.g. 

surgical restrictions), and intact state (e.g. pathology restrictions) can easily prohibit the use of 

unconfined ramp compression mechanical testing for SWE validation [88]. Further, SWE is meant to 

provide local estimates of tissue stiffness [71], [106], while unconfined ramp compression testing 

estimates bulk or global stiffness properties of tissue. Flat tip indentation testing addresses many of the 

limitations of unconfined ramp compression testing for SWE applications. Indentation testing is more 

robust in cases of non-uniform geometries and small samples; it allows for local characterization of 
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heterogeneous tissues and stiffness mapping, and it has already seen some use in the literature as a tool 

for SWE validation [71], [106], [172]. Previous work has demonstrated the agreement between 

indentation and unconfined ramp testing under a variety of testing parameters using multiple material 

models (Section 4). Yet to date, there has been no investigation of optimal indentation testing 

parameters for validation of SWE. 

Some groups have implemented dynamic indentation mechanical testing for SWE applications, 

as it is thought to better represent the dynamic loading of SWE in vivo [90], [106], [291]. In these cases, 

the complex elastic modulus can be derived from cyclic (sinusoidal), small amplitude, high frequency 

deformations of the tissue [127], [229]. While quasi-static tissue testing does not simulate the high 

loading frequencies observed in SWE [115], it can still provide accurate, efficient, and economical means 

of characterizing tissue stiffness [71], [72], [172] and is often selected for estimating tissue stiffness [71], 

[72], [113], [172]. In a comparison of a dynamic and quasi-static mechanical testing methodologies, 

Omari et al. [89] observed that quasi-static testing results exhibited comparable trends to those 

observed with dynamic testing, though generally yielding larger amplitude outcomes. Further, Oudry et 

al. [95] observed consistent results between dynamic and quasi-static mechanical testing when 

compared to SWE testing outcomes. 

While quasi-static indentation mechanical testing provides a rapid, economical, non-destructive 

tool for validating SWE, testing parameters studied in the literature are highly variable. The definition of 

“quasi-static” testing rates has not been well characterized. When considering a series of “quasi-static” 

indentation mechanical testing studies, testing rates ranged from approximately 0.01 Hz to 0.1 Hz [71], 

[72], [113], [172]. Yet, Kiss et al. [54] treated 0.1 Hz as a dynamic testing method. In a series of gel and 

tissue samples (thickness (Ts)≈3.5mm), Delaine-Smith et al. [88] observed that the accuracy of 

indentation mechanical testing was impacted by geometric relationships between Ts, indenter diameter 

(Φi), and sample diameter (Φs), where Ts:Φi>=1:1 and Φs:Φi>=4:1 yielded the most accurate estimates of 
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tissue stiffness. However, sample thicknesses in the SWE literature quite variable [109]–[114] and other 

thresholds around sample and indenter geometry have also been recommended (Ts:Φi>1, Φs:Φi>2, 

Φs:Ts>3) [88], [110]–[114]. Further, the small (n=7) sample validation by Delaine-Smith et al. [88] may be 

statistically inadequate. Further, Delaine-Smith et al. [88] investigated primarily larger deformations 

(2.5% ≤ strain ≤ 7.5%, 15% ≤ strain ≤ 20%), while the mechanical validation of SWE may be better 

suited to the toe region of the stress-strain curve (0% ≤ strain ≤ threshold) to ensure loading regimes 

similar to those of SWE [72], [172]. Finally, many indentation testing models exist [109]–[114] and the 

implication of this for SWE validation has yet to be investigated.  

The use of quasi-static indentation mechanical testing as a tool to validate the accuracy and 

clinical utility of SWE for a wide array of pathologies requires a clear characterization of indentation 

testing parameters and their potential impact on agreement with SWE measures. The purpose of this 

study was to provide a systematic investigation of the impact of indentation testing parameters and 

material models on the agreement between indentation testing and SWE. More specifically, we aimed 

to investigate the impact of (1) two indentation models, (2) two sample geometries, (3) three quasi-

static testing speeds, (4) and three strain ranges on the agreement of indentation stiffness with SWE 

measures of stiffness in a series of homogeneous oil-in-gelatin tissue mimicking (TMM) phantoms. 

Findings from this study will provide guidance around indentation testing parameters as a validation tool 

for SWE measures of stiffness.  

 

 Methods 

 Indentation Models 
Two indentation models were assessed in this work: the Snedden [110] model, which was 

popularized by Oliver and Pharr [109] (OP), and the Hayes model [112] with Zhang et al.’s [111] 

geometric correction factors (HZ). The OP [109] model assumes quasi-static testing conditions to 
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calculate the elastic modulus of a homogeneous semi-infinite linear elastic medium under a rigid flat 

end indenter tip with a small strain assumption (Figure 16). The analytic solution by Boussinesq [114] is 

used to derive the elastic modulus of the material. The “effective” elastic modulus (E) [88], which 

assumes the modulus of the indenter is substantially higher than that of the TMM sample, was used 

here. The effective modulus was expressed as a function of the indentation stiffness (S, the slope of the 

force-displacement curve over the range of strains of interest) and the diameter of the indenter tip (Φi), 

with no conversion factor [72], [172] (Equation 10). 

 𝐸 =
𝑆

Φi
 (18) 

The Hayes model [112] assumes a lateral infinite isotropic elastic material with a finite thickness 

resting on a rigid half space [72] under a rigid flat tip indenter (Figure 16). This model assumes adhesion 

at the sample-support plate interface, negligible shear tractions at the indenter-sample interface, 

infinitesimal deformation (<0.1% strain), and a frictionless indenter surface [111], [112]. However, to 

account for larger deformations and non-linearity, Zhang et al.’s changes were implemented [112]. The 

HZ effective elastic modulus (𝐸) for indentation testing performed using a flat-end cylindrical indenter 

(Equation 12) was expressed as a function of Poisson’s ratio (𝑣), the indentation stiffness (𝑆), the 

indenter diameter (Φi), the thickness of the tissue sample (𝑇𝑆), and a geometric constant (𝜅) developed 

by Zhang et al. [111]. Zhang et al.’s [111] constant has been found to improve calculation of the shear 

and elastic modulus calculations for large strains (up to 20%) [88] and linear interpolation of the 

constants presented by Zhang et al. [111] can be used for estimation of the elastic modulus at these 

larger strains [88]. 

 𝐸 =
𝑆

Φi ∗ 𝜅(𝑣, Φi/𝑇𝑆)
  (19) 
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 Preparation of Oil-in-Gelatin Phantoms 
Oil-in-gelatin phantoms were manufactured according to the methods described by Madsen et 

al. 2006 [253]. In brief, the phantoms were composed of a solvent (water), a matrix (gelatin), and a 

series of additives (propylene glycol, safflower oil, liquid surfactant, formalin), which function to tune 

the acoustic, mechanical, and physical properties of the phantoms. First the molten gelatin solution was 

mixed; water, propylene glycol (5.09% by volume, P4347, Sigma-Aldrich Canada Co., Oakville, Canada), 

and 200 Bloom gelatin (13.06% by volume Nitta Gelatin, Morrisville, USA) were combined in a beaker. A 

thermometer was placed in the beaker, the beaker was covered with plastic wrap, and then the beaker 

placed in a double boiler, and heated to 90oC to produce clarified molten gelatin [253]. The molten 

gelatin was then cooled in an ice bath to 55oC. At this point, the molten gelatin solution was then 

combined with safflower oil (Loblaws, Brampton, Canada) and stirred to produce oil droplets (<1mm 

diameter) [253]. The method of stirring to yield oil droplets in the gelatin matrix involve taking a 

standard dinner spoon and bending the spoon at 90o to the handle. The spoon was then placed in the 

mixture in the beaker and stirred about a horizontal axis. This method encourages the dispersion of the 

oil droplets, while minimizing air introduction into the mixture. Following this, liquid surfactant (1.1% by 

volume, Liquid Ivory Ultra, Proctor and Gamble, Toronto, Canada) was added to the mixture to preserve 

the emulsion and stirred vigorously until the mixture because opaque.  Formalin (0.735% by volume, 

F8775, Sigma-Aldrich Canada Co., Oakville, Canada) was then added to the oil-in-gelatin solution and the 

mixture was stirred to complete the manufacture of the TMM solution [253]. 

The oil-in-gelatin TMM solution was cast into a cylindrical mould with a height and diameter 

each of 7.5cm and placed under positive gauge pressure [253]. The mold included a syringe embedded 

in the outer was that. When the mixture was in the mold and the syringe was engaged, the material was 

placed under a positive gauge pressure. After 24 hours, cross-linking of the gelatin had increased the 

melting temperature well above room temperature. Molds were then removed to yield a cylindrical 
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homogeneous TMM phantom (Figure 22A). Phantoms were placed in safflower oil to prevent 

desiccation until testing [253]. A total of n=27 phantoms were manufactured, to yield adequate 

statistical power for the purposes of this study. The ratio of safflower oil in the phantoms was varied 

between 2.5% and 67.5% in 2.5% increments to yield a uniform spread across a physiologically relevant 

range of healthy and pathological tissue stiffnesses (20kPa < storage modulus < 100kPa) [82], [84], [253]. 

Additionally, six extra phantoms were manufactured according to the same procedures using a stiffer 

220 Bloom gelatin (13.06% by volume, Sigma-Aldrich, St. Louis, USA) to extend the upper end of the 

range of stiffnesses over which SWE could be validated. In the end, with two manufacturing failures, the 

total sample of phantoms was n = 31. 

It should be noted here that Madsen et al. [82], [253] observed slight variations in elastic 

contrasts and strain ratios measured in heterogeneous phantoms made using this TMM. Their team also 

observed decrease in the amplitude of the storage modulus measured over a period of 16 months [253].  

Regardless, our study purely aimed to validate measures of SWE stiffness against MTE measures. SWE 

and MTE measures for a given phantom were obtained on the same day, thus eliminating any concerns 

regarding long-term temporal stability of mechanical properties.  

 

 Ultrasound Elastography Imaging 
 Previous work validating SWE against unconfined ramp compression testing in TMM phantoms 

demonstrated acceptable agreement of linear probe and curvilinear probe SWE up to 5cm target 

depths, and endoprobe SWE below 3cm target depths (Section 3). Similar levels agreement between 

mechanical testing and SWE were observed for all probes and target depths listed above. Further, there 

has been ample literature supporting the validity of the Aixplorer (SuperSonic Imagine, Aix-en-Provence, 

France) linear probe for SWE acquisition, particularly at superficial depths [73]–[75], [77], [170]. This 

combination of evidence resulted in the selection of the linear SWE probe (SL15-4, Aixplorer, SuperSonic 
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Imagine, Aix-en-provence, France) as a representative case for evaluating concurrent validity across the 

indentation testing parameters and models of interest in this study [108] (Table 2).  This probe uses 

proprietary excitation sequences that are partially detailed in the literature [115]. 

Table 15 Aixplorer (SuperSonic Imagine, Aix-en-Provence, France) shear wave elastography (SWE) ultrasound imaging superficial linear probe 
used for testing and its specifications [108].  

 

The SWE imaging procedure was executed with the phantom suspended in a safflower oil bath, 

in order to minimize confounding factors [175]. SWE measurements were taken in a mid-longitudinal 

plane of the phantom. The probe was inserted into the saline bath and centered to visualize a B-mode 

image of the target region. The SWE region of interest (ROI) was set to its minimum size and placed 

along the central axis of the probe. The maximum stiffness of the imaging system was set to 180kPa and 

the penetration mode, which appeared to act as a spatial filter, was enabled for consistency of 

visualization. The probe was fixed in place and three UE cineloops of at least 10 frames each were 

acquired at the desired depth. Again, considering previous findings (Section 3) along with literature 

supporting the use of this probe, particularly at superficial depths [73]–[75], [77], [170], a 1cm target 

depth was selected as a representative case for evaluating concurrent validity across the indentation 

testing parameters and models of interest in this study. Two identical imaging sessions were acquired on 

the same testing day to support a separate reliability analysis (Section 3).  

 

 Quasi-Static Indentation Testing 
Mechanical properties of phantoms were measured using the BioTester materials testing system 

(CellScale, Waterloo, Canada), with a 23N (5.5 mN resolution, 3.5 mN noise floor) load cell and a 

Model Type 
Imaging 

Frequency Range 
(MHz) 

Nominal Centre 
Frequency 

(MHz) 

SWE Penetration 
Range 
(mm) 

SWE Spatial 
Resolution 

(mm) 

SL15-4 Linear Probe 4.0 to 15.0 8.5 2.5 to 30 2.0 
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positional accuracy of 1um. The load cells and displacement controls on the system were calibrated on 

an annual basis (CellScale, Waterloo, Canada) and monitored for deviations that may impact testing. 

Three-dimensional printed adapters made from polyactide (PLA) with 90% infill were secured to the 

material testing system for indentation testing. Indentation testing was conducted using a rigid, 

cylindrical, flat-ended steel indenter with a diameter of 1.6mm. Testing was performed by straining the 

samples to 25% for 20 cycles at a rate of 0.01 Hz, 0.055 Hz, and 0.1 Hz. To ensure a that the boundary 

conditions met the assumptions of the indentation models, sample thickness (Ts) and sample diameter 

(Φs) were adjusted according to the recommendations in the literature (Ts:Φi>1, Φs:Φi>2, Φs:Ts>3) [88], 

[110]–[114]. Previous findings (Section 4) had suggested that regardless of adherence to sample 

geometry recommendations in the literature, sample geometry may still be a relevant factor in validity 

of indentation models. Thus, while maintaining these recommended geometric relationships, sample 

thickness was changed to investigate whether a larger or smaller sample geometry could alter 

agreement of indentation testing outcomes with SWE. 

First, a large and small geometry sample was cut from the TMM phantom, to represent two 

cases of tissue sampling. Anecdotally, our team has had better success collaborating with pathology 

teams when asking for less than 5mm thick samples of tissue. Thus, the larger geometry sample was 

treated as over 5 mm thick with a square cross section of at least 17mm and the small geometry sample 

was less than 5 mm thick with a square cross section of at least 12mm. Samples were fixed to a steel 

support stage and inserted into the mechanical testing system one at a time. The sample cross section 

dimensions were taken as an average of three trials measured using a Vernier caliper. The sample 

thickness was calculated as an average of three trials, each measured as the distance between the 

support stage and the top of the sample when loaded to 15 mN, and was taken using the BioTester 

materials testing system (CellScale, Waterloo, Canada). The indenter was then withdrawn from the 

sample surface to a distance of 500 um. Testing then commenced and the sample was compressed by 
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the indenter at a testing speed of 0.01Hz for 20 cycles. The sample was rested for 5 minutes after testing 

and bathed in safflower oil to eliminate any effects of material desiccation. Testing was then repeated 

for all speeds (i.e. 0.01 Hz, 0.055 Hz, 0.10 Hz) and for all testing conditions (i.e. large geometry sample 

and small geometry sample) for a total of 6 tests per phantom. 

 

 Data Processing 
SWE stiffness measures (kPa) were calculated as a median of 10 frames and the average of 3 

trials for a circular ROI of 5 mm diameter, centered at the target depth of interest in the frame. Due to 

previously reported excellent reliability (intraclass correlation (95% confidence interval) = 0.996 (0.991, 

0.998), Section 3), SWE data were averaged across the two imaging sessions for all phantoms. For each 

mechanical testing signal, the final 10 cycles of loading were ensemble averaged and a low pass 

Butterworth filter (3 Hz cut-off, 2nd order, dual pass) was applied to minimize noise in the data signals. 

Any bias in the signal was identified as an average of the unloaded period prior to contact of the 

indenter tip and the signal was zeroed. Contact was detected automatically using a 15 mN force 

threshold and then verified by visual inspection. In cases where residual noise confounded the 

algorithm, manual identification of the surface contact was used.   

The effective modulus calculations were performed using three strain ranges from the force-

displacement curves: (i) in the toe region of the curve from surface contact up to a linear threshold, (ii) 

from 2.5% to 7.5% strain, and (iii) from 15% to 20% strain. The stiffness (i.e. slope of the force-

displacement curve) was extracted from the force-displacement curve over the appropriate region and 

then was used to calculate the effective indentation modulus. For case (i), the stiffness was calculated 

using methods previously published by Zhai et al. [172] (Figure 23). In brief, beginning from the surface 

contact point (i.e. 0% strain), a data window with a length of 5% of the tip diameter was identified. A 

linear regression was chosen to fit a linear model to the window, in order to limit the impact of residual 
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noise on a tangent calculation. The error was calculated as the mean absolute difference between the 

linear model and the force-displacement data in the data window. The data window was then extended 

by one sample at a time and the procedure was repeated for each new data window. The procedure was 

halted when the error exceeded the 15 mN threshold and the stiffness was taken as the slope of the 

linear model in this data window. Moving forward this strain range is referred to as the Zhai [172] strain 

region. 

For cases (ii) and (iii), the stiffness was taken simply as the slope of tangent model fit over the 

2.5% to 7.5% and 15% to 20% strain regions of the force-displacement curve, respectively. The Hayes’ 

model with Zhang et al.’s correction [111] and the Oliver and Pharr [109] model were then used to 

calculate the effective modulus with and without Delaine-Smith et al.’s [88] correction equation. As in 

Amador et al. [72], Poisson’s ratio was set to 0.475 to align closely with the incompressibility 

assumption, while sitting in a range that keeps κ(v,a/h) fairly constant for the testing parameters.  

 

 Statistical Analysis 
The large number of indentation parameters included in the methodology yielded a high 

dimensionality problem that precluded multivariate analysis of the data set without the incorporation of 

dimensionality reduction. With this in mind, the relationship between SWE and indentation outcomes 

was evaluated on a case-by-case basis using a series of approaches often implemented in sensitivity 

analyses. Initially relationships between indentation outcomes and SWE were qualitatively evaluated 

using scatter plots. Pearson’s or Spearman’s correlations were then implemented to quantitatively 

characterize the relationship, as appropriate. Bland Altman analyses were used to quantify exact 

agreement between indentation and SWE outcomes. Trends across the validation outcomes for the 

various indentation testing parameters (geometry, speed, strain) and models (HZ, OP) were observed to 
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guide indentation parameter selection for SWE applications moving forward. The level of significance 

was set to α = 0.05 for all statistical tests. 

 

 Results 
Scatterplots visualizing the agreement between indentation testing and SWE outcomes are 

presented here. Indentation parameters including 0.01Hz (Figure 33), 0.055Hz (Figure 34), and 0.1Hz 

(Figure 35) testing speeds are shown. Each individual plot includes data from both small (blue) and large 

(red) geometry samples for a given model (OP or HZ) at a given strain (Zhai [172], 2.5%-7.5%, or 15%-

20%) tested at the given speed (0.01Hz, 0.055Hz, 0.1Hz). SWE outcomes are from a linear probe with 

SWE measurements taken at a 1cm target depth. Qualitative analysis of the scatterplots suggested 

strong relationships between indentation and SWE outcomes for all testing parameters and models. 

Data visualization suggested a bias (significant mean difference) for all HZ indentation 

outcomes, while several OP models did not exhibit a noticeable bias. The HZ model appeared to yield 

low variability in agreement between indentation and SWE across all testing parameters, while the OP 

model outcomes appeared to demonstrate higher variability in the agreement between of SWE and 

indentation outcomes, specifically at the Zhai [172] and 2.5%-7.5% strains. Small and large geometry 

sample data showed very similar trends in slopes and biases. Similarly, increased testing rate did not 

appear to impact the agreement between SWE and indentation outcomes. For Zhai [172] and 2.5%-7.5% 

strains, there was good agreement between SWE and indentation testing across all testing conditions 

and models. Indentation moduli calculated from 15%-20% strain show higher deviation in agreement 

with SWE, with trendlines consistently falling below a perfect (1.0) correlation line.   
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Figure 33 Agreement of elastic modulus (E) in kilopascals (kPa) from shear wave elastography (SWE) imaging and flat cylindrical tip 
indentation testing (Indent) in homogeneous oil-in-gelatin tissue mimicking phantoms. E was calculated using linear elastic models on the force-

displacement or stress-strain curve in the toe region (A, B) using Zhai et al.’s [172] methods, from 2.5% to 7.5% strain (C, D), and from 15% to 

20% strain (E, F). Data are separated by small (SM) geometry (thickness < 5mm) or a large (LG) geometry (thickness > 5mm) and Hayes-Zhang 
(HZ E) [111], [112] (A, C, E) or  Oliver Pharr (OP E) indentation model [109] (B, D, F). Testing rate was 0.01 Hz for all cases. Equality of 

outcomes is shown on each plot by a black dashed line. 
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Figure 34 Agreement of elastic modulus (E) in kilopascals (kPa) from shear wave elastography (SWE) imaging and flat cylindrical tip 
indentation testing (Indent) in homogeneous oil-in-gelatin tissue mimicking phantoms. E was calculated using linear elastic models on the force-

displacement or stress-strain curve in the toe region (A, B) using Zhai et al.’s [172] methods, from 2.5% to 7.5% strain (C, D), and from 15% to 

20% strain (E, F). Data were separated by small (SM) geometry (thickness < 5mm) or a large (LG) geometry (thickness > 5mm) and Hayes-
Zhang (HZ E) [111], [112] (A, C, E) or  Oliver Pharr (OP E) indentation model [109] (B, D, F). Testing rate was 0.055 Hz for all cases. Equality 

of outcomes is shown on each plot by a black dashed line. 
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Figure 35 Agreement of elastic modulus (E) in kilopascals (kPa) from shear wave elastography (SWE) imaging and flat cylindrical tip 

indentation testing (Indent) in homogeneous oil-in-gelatin tissue mimicking phantoms. E was calculated using linear elastic models on the force-
displacement or stress-strain curve in the toe region (A, B) using Zhai et al.’s [172] methods, from 2.5% to 7.5% strain (C, D), and from 15% to 

20% strain (E, F). Data were separated by small (SM) geometry (thickness < 5mm) or a large (LG) geometry (thickness > 5mm) and Hayes-

Zhang (HZ E) [111], [112] (A, C, E) or  Oliver Pharr (OP E) indentation model [109] (B, D, F). Testing rate was 0.1 Hz for all cases. Equality of 
outcomes is shown on each plot by a black dashed line. 
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Table 16 Correlation coefficients for the elastic moduli (E) in kilopascals (kPa) from shear wave elastography (SWE) imaging and flat 
cylindrical tip indentation testing (Indent) in homogeneous oil-in-gelatin tissue mimicking phantoms. Testing was conducted on material samples 

with small (SM) geometry (thickness < 5mm) and a large (LG) geometry (thickness > 5mm) at three quasi-static testing rates (0.01 Hz, 0.055 Hz, 

0.1 Hz). E was calculated using linear elastic models on the force-displacement or stress-strain curve. in the toe region using Zhai et al.’s [172] 
methods (Zhai),  from 2.5% to 7.5% strain, or from 15% to 20% strain. For indentation moduli, the Hayes-Zhang (HZ) [111], [112] or  Oliver 

Pharr (OP) indentation model [109] were used. The number of observations (n) included in each test is given. Correlations were calculated using 

either a Pearson’s or Spearman’s correlation test as appropriate. All correlations were significant to the level of p<0.0001. 

Testing 
Rate 

Strain 

SM  LG 

n HZ OP  n HZ OP 

0.01 Hz 

Zhai [172] 30 0.95 0.95  27 0.94 0.93 

2.5% - 7.5% 30 0.95 0.95  27 0.94 0.93 

15% - 20% 30 0.94 0.95  27 0.93 0.93 

0.055 Hz 

Zhai [172] 31 0.93 0.93  29 0.90 0.88 

2.5% - 7.5% 31 0.92 0.92  29 0.90 0.89 

15% - 20% 31 0.92 0.92  29 0.90 0.89 

0.1 Hz 

Zhai [172] 30 0.92 0.93  29 0.90 0.88 

2.5% - 7.5% 30 0.92 0.92  28 0.88 0.87 

15% - 20% 30 0.92 0.91  29 0.87 0.86 

 

Correlation coefficients (CCs) between indentation and SWE outcomes were consistently very high (CC > 

0.85, p<0.001) (Table 16). HZ and OP correlations with SWE were almost identical. Indentation testing 

conducted on larger geometry samples yielded slightly lower correlations for the OP indentation 

modulus at high testing speeds (0.055Hz and 0.1Hz CCs ≤0.90) compared to small geometry  

outcomes. However, the differences in the CCs between indentation and SWE across geometry 

conditions was never more than 0.05. Comparing across testing speeds, the lowest testing rate of 

0.01Hz yielded the highest correlations between indentation and SWE outcomes (correlation > 0.92), 

however this trend in decreasing correlations with increasing testing rate was most observable in the OP 

data. Correlations between indentation and SWE outcomes were consistent across strain ranges and 

never differed by more than 0.02. The highest correlations with SWE were observed for indentation 

testing at 0.01Hz in small samples with the moduli calculated over the Zhai [172] and 2.5%-7.5% strains 

using the HZ model. 

 Findings from Bland-Altman analyses of indentation and SWE agreement for small (Table 17) 
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and large (Table 18) samples aligned with observations from qualitative analysis of scatterplot data and 

quantitative correlation analyses. The OP model consistently yielded mean differences (MDs) that were 

5 kPa to 25 kPa lower than the HZ model. The OP model was also the only model to generate non-

significant MDs. However, the standard deviations (STDs) of the MD tended to be equivalent or higher 

for the OP moduli compared to the HZ moduli at Zhai [172] and 2.5%-7.5% strains, yet high strains (15%-

20%) yielded larger STDs of the MD for the HZ model. MDs for larger sample geometry outcomes 

calculated at large strains (15%-20%) were noticeably larger than the same outcomes for small geometry 

samples. However, at Zhai [172] and 2.5%-7.5% strains and the OP modulus, MDs between indentation 

and SWE outcomes were generally larger in large geometry samples compared to small geometry 

samples. This trend was not observed for HZ moduli calculated at Zhai [172] and 2.5%-7.5% strains. 

Larger geometry outcome STDs of the MD for the HZ model were slightly higher than in small geometry 

samples, while the trend was the opposite for the OP model. Regardless, the MDs of the STD never 

deviated between sample geometries by more than 3 kPa. Increased testing speed did not appear to 

substantially impact Bland-Altman outcomes. Across all testing parameters and models, 15%-20% 

indentation moduli exhibited large, significant negative mean differences (MDs) ranging from -18.96 kPa 

to -53.59 kPa and high standard deviation (STD) of the MDs ranging from 19.37 kPa to 37.94 kPa. These 

outcomes were substantially larger than the MDs (non-sigificant < MDZhai [172] < 13.18 kPa , non-

sigificant < MD2.5%-7.5% < 13.85 kPa ) and the STDs of the MDs (4.46 kPa < MDZhai [172] < 8.37 kPa , 4.51 < 

MD2.5%-7.5% < 9.42 kPa ) for both the Zhai [172] and 2.5%-7.5% strains.  
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Table 17 Bland Altman test results for exact agreement of the elastic moduli (E) in kilopascals (kPa) from shear wave elastography (SWE) 
imaging and flat cylindrical tip indentation testing (Indent) in homogeneous oil-in-gelatin tissue mimicking phantoms for samples with small 

(SM) geometry (thickness < 5mm). Testing was conducted at three quasi-static testing rates (0.01 Hz, 0.055 Hz, 0.1 Hz). E was calculated using 

linear elastic models on the force-displacement or stress-strain curve. in the toe region using Zhai et al.’s [172] methods (Zhai),  from 2.5% to 
7.5% strain, or from 15% to 20% strain. For indentation moduli, the Hayes-Zhang (HZ) [111], [112] or  Oliver Pharr indentation model [109] 

were used. The number of observations (n), mean difference (MD), standard deviation of the mean difference (STD), standard error of the mean 

difference (SE), and the 95% confidence interval (CI) of the mean difference are included. MDs that were significant to the level of p<0.05 are 
indicated by *.  

Rate 
(Hz) 

Strain 
Range 

(%) 

HZ  OP 

n 
MD 

(kPa) 
STD 

(kPa) 
SE 95% CI  n 

MD 
(kPa) 

STD 
(kPa) 

SE 95% CI 

0.01  

Zhai [172] 30 13.18* 4.46 0.15 (4.43,21.92)  30 1.40 6.13 0.20 (-10.62,13.43) 

2.5 – 7.5 30 13.85* 4.51 0.15 (5.02,22.68)  30 4.70* 6.79 0.23 (-8.61,18.01) 

15 – 20 30 -22.35* 30.33 1.01 (-81.80,37.09)  30 -12.41* 23.32 0.78 (-58.11,33.31) 

0.055 

Zhai [172] 31 9.36* 5.43 0.18 (-1.29,20.01)  31 -4.00* 6.44 0.21 (-16.62,8.62) 

2.5 – 7.5 31 9.72* 5.59 0.18 (-1.24,20.67)  31 -1.10 7.89 0.25 (-16.56,14.36) 

15 – 20 31 -35.48* 32.32 1.04 (-98.82,27.86)  31 -23.54* 25.00 0.81 (-72.54,25.47) 

0.1 

Zhai [172] 30 11.19* 5.51 0.18 (0.40,21.99)  30 -1.49 8.37 0.28 (-17.89,14.91) 

2.5 – 7.5 30 11.31* 5.90 0.20 (-0.25,22.86)  30 1.00 9.42 0.31 (-17.47,19.47) 

15 – 20 30 -30.06* 36.84 1.23 (-102.27,42.16)  30 -18.96* 28.78 0.96 (-75.36,37.45) 

 

Table 18 Bland Altman test results for exact agreement of the elastic moduli (E) in kilopascals (kPa) from shear wave elastography (SWE) 
imaging and flat cylindrical tip indentation testing (Indent) in homogeneous oil-in-gelatin tissue mimicking phantoms for samples with large (LG) 

geometry (thickness > 5mm). Testing was conducted at three quasi-static testing rates (0.01 Hz, 0.055 Hz, 0.1 Hz). E was calculated using linear 

elastic models on the force-displacement or stress-strain curve. in the toe region using Zhai et al.’s [172] methods (Zhai),  from 2.5% to 7.5% 
strain, or from 15% to 20% strain. For indentation moduli, the Hayes-Zhang (HZ) [111], [112] or  Oliver Pharr indentation model [109] were 

used. The number of observations (n), mean difference (MD), standard deviation of the mean difference (STD), standard error of the mean 

difference (SE), and the 95% confidence interval (CI) on the mean difference are included. MDs that were significant to the level of p<0.05 are 
indicated by *. 

Rate 
(Hz) 

Strain 
Range 

(%) 

HZ  OP 

n 
MD 

(kPa) 
STD 

(kPa) 
SE 

(kPa) 
95% CI  n 

MD 
(kPa) 

STD 
(kPa) 

SE 95% CI 

0.01  

Zhai [172] 27 11.38* 5.25 0.19 (1.09,21.67)  27 5.26* 5.05 0.19 (1.09,21.67) 

2.5 – 7.5 27 10.14* 4.78 0.18 (0.78,19.50)  27 5.26* 5.21 0.19 (-4.95,15.48) 

15 – 20 27 -45.06* 30.54 1.13 (-104.92,14.80)  27 -21.79* 19.37 0.72 (-59.74,16.17) 

0.055 

Zhai [172] 29 11.33* 6.38 0.22 (-1.17,23.83)  29 5.17* 6.86 0.24 (-8.27,18.61) 

2.5 – 7.5 29 9.39* 6.35 0.22 (-3.06,21.84)  29 4.30* 7.45 0.26 (-10.31,18.90) 

15 – 20 29 -52.37* 35.74 1.23 (-122.41,17.67)  29 -26.57* 23.44 0.81 (-72.52,19.38) 

0.1 

Zhai [172] 29 11.41* 6.36 0.22 (-1.05,23.87)  29 5.30* 6.62 0.23 (-7.67,18.28) 

2.5 – 7.5 28 9.36* 6.39 0.23 (-3.16,21.89)  28 4.17* 7.25 0.26 (-10.04,18.39) 

15 – 20 29 -53.59* 37.94 1.31 (-127.95,20.77)  29 -27.41* 25.24 0.87 (-76.89,22.06) 
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 Discussion 
Validation of SWE estimates of tissue stiffness is an essential step to support to the clinical 

adoption of SWE for diagnostic and treatment planning purposes. Quasi-static flat tip indentation testing 

is ideal for SWE validation [71], [72], [172], yet testing parameters vary widely across the literature [71], 

[72], [88], [90], [91], [93], [106], [111]. Results from this and previous (Section 3, Section 4) studies 

support the use of indentation testing as a criterion standard for validating SWE estimates of tissue 

stiffness. Moreover, results from this work provide substantial insight into the impact of indentation 

testing parameters on agreement with SWE estimates of material stiffness, including indentation model, 

sample geometry, quasi-static testing rate, and strain range.  

 

 Indentation Model 
 Indentation and SWE outcome agreement may be impacted by the selected indentation model, 

where several important cases may optimize agreement. Analysis of the scatterplots (Figure 33, Figure 

34, Figure 35) suggested some key differences in bias and variance in the agreement of outcomes and, in 

particular, a possible interaction between the indentation model and strain range. The HZ model 

appeared to yield less variable estimates of stiffness compared to the OP model at low strains (Zhai 

[172] and 2.5%-7.5% strains), while this trend was not apparent at high strains (15%-20%). Similarly, 

scatterplots suggested a significant bias for the HZ model across all testing parameters, while the OP 

model exhibited less bias in small geometry samples at low strains (Zhai [172] and 2.5%-7.5% strains). 

Correlation analyses (Table 16) did not show any substantial differences in model performance across all 

testing parameters. Bland-Altman results (Table 17, Table 18) showed lower MDs for OP model 

agreement with SWE. While the HZ model yielded the lowest STDs of the MD overall, OP and HZ STDs of 

the MD were generally similar for low strains (Zhai [172] and 2.5%-7.5% strains). At high strains (15%-

20%), OP STDs of the MD were well below those of the HZ model.  
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 In summary, the HZ and MD models yielded the best agreement between indentation and SWE 

outcomes for low strain estimates of the moduli (Zhai [172] and 2.5%-7.5% strains). While the OP model 

exhibited lower MDs between indentation and SWE, the HZ model better reduces STDs of the MD 

slightly at low strains (Zhai [172] and 2.5%-7.5% strains). At high strains (15%-20%), the OP model 

yielded substantially lower MDs and STDs of the MD compared to the HZ model. With this in mind, 

model selection is dependent on the strain range being used for modulus calculation and whether the 

particular application requires a lower MD or a lower STD of the MD. With the high correlations and 

lower STDs of the MD between HZ and SWE at low testing speeds (0.01Hz), a bias correction of the HZ 

model may in fact provide the best agreement between indentation and SWE outcomes.  

 

 Sample Geometry 
 Considering the sample geometry when dimensions were maintained above thresholds 

indicated in the literature (Ts:Φi>1, Φs:Φi>2, Φs:Ts>3) [88], [110]–[114], several observations were made. 

Scatterplots (Figure 33, Figure 34, Figure 35) did not reveal any substantial differences in agreement 

between indentation and SWE for small and large sample geometries. The correlation analyses (Table 

16) suggested a possible interaction between sample geometry and testing speed, with small geometry 

samples tested at the lowest rate (0.01Hz, 0.94 ≤ correlation ≤ 0.95) yielding higher correlations than 

large geometry samples tested at the highest rate (0.1Hz, 0.85 ≤ correlation ≤ 0.90). The Bland-Altman 

(Table 17, Table 18) analysis also suggested a possible interaction between sample geometry and strain, 

with moduli measured at high strains (15%-20%) yielding higher MDs for large samples compared to 

small samples. A possible interaction between sample geometry and model was also observed in the 

case of low strains (Zhai [172] and 2.5%-7.5%), where large geometry samples exhibited higher MDs 

when the OP model  was used to calculate the indentation modulus. Sample geometry did not appear to 

substantially impact STDs of the MDs across any conditions.  



139 
 

Overall, these findings suggest that at low testing rates (0.01 Hz) and low strains (Zhai [172] and 

2.5%-7.5%), sample geometry was only somewhat a mediating factor for the OP model, with larger 

sample geometries yielded larger MDs. However, at high strains (15%-20%), indentation testing in large 

samples yielded poorer agreement with SWE compared to small samples. Thus, sample geometry is only 

a factor of concern if higher indentation testing rates, the OP model, and/or high strain ranges (15%-

20%) are used for modulus calculation. In these cases, smaller sample geometries (<5mm) may optimize 

agreement between SWE and indentation outcomes. This finding may suggest a possible relationship 

between the boundary conditions and strain amplitudes. In fact Zhang et al. [111] noted that friction 

between the indenter tip and test surface increased with the ratio of the indenter diameter (Φi) to the 

indentation depth (h), where error may be up to 33% for Φi
ℎ⁄ = 2 and increases substantially beyond 

this threshold. Thus, the choice of the indenter tip diameter in this study may have reduced accuracy 

and thus agreement between large geometry sample outcomes and SWE.  

 

 Testing Speed 
 Considering outcomes grouped by testing speed, scatterplots (Figure 33, Figure 34, Figure 35) 

did not suggest any qualitative relationship between speed of indentation testing and agreement with 

SWE. Correlations (Table 16) showed a possible interaction between speed, sample geometry, and 

model, where there was a slight decrease in the correlation between SWE and OP indentation modulus 

for speeds above 0.01Hz in large sample geometries, compared to outcomes at 0.01Hz. Interestingly, 

the Bland-Altman analyses suggested a possible interaction between testing speed and strain range, 

with a slight increase in MDs and STDs of the MD at speeds above 0.01Hz for moduli calculated at high 

strains (15%-20%), again compared to outcomes at 0.01Hz. Summarizing these findings, it appeared that 

the best agreement between indentation and SWE outcomes was observed for indentation testing 

conducted at low speed (0.01 Hz) with moduli calculated at low strains (Zhai [172] and 2.5%-7.5%). This 
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outcome was not surprising in this sample of viscoelastic TMM phantoms, as the lowest speed likely 

best approximated the quasi-static assumption of the indentation models being applied. In the case that 

higher quasi-static testing rates were required, if the MD is not a major source of concern, the HZ model 

with or without a bias correction may provide better agreement between indentation and SWE 

outcomes.  

 

 Strain Range 
Comparing the agreement between indentation and SWE estimates of tissue stiffness over three 

different strain ranges, the results definitively demonstrated that indentation moduli calculated at high 

strains (15%-20%) yielded poorer agreement between SWE and indentation outcomes than those 

calculated at low strains (Zhai [172] and 2.5%-7.5%). While this trend was evident in the scatterplots 

(Figure 33, Figure 34, Figure 35), the correlation analyses were not impacted (Table 16) However, the 

Bland-Altman analyses (Table 17, Table 18) revealed higher MDs and STDs of the MD at high strains 

(15%-20%) compared to low strains (Zhai [172] and 2.5%-7.5%) across all conditions. In fact, this aligns 

well with the mechanics of SWE loading in vivo. The type of SWE excitation used in this study 

(SuperSonic Imagine, Aix-en-Provence, France) [115], employs moving dipolar sources, generated by 

acoustic radiation force (ARF), to remotely excite shear waves in the tissue. Constructive interference 

between these shear waves yields quasi-plane shear waves of objectively small amplitudes (~100 um in 

phantoms, ~40 um in vivo [115]). With this knowledge, it is understood that SWE loading regimes likely 

operate in the toe region of the stress-strain curve, which would explain the better agreement between 

SWE and indentation moduli calculated at low strains (Zhai [172] and 2.5%-7.5%).  

 

 General Recommendations 
 The most important recommendation from this study is the use of low strain ranges (Zhai [172] 

and 2.5%-7.5%) for calculating indentation moduli as a criterion standard for SWE estimates of tissue 
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stiffness. With this in mind, selection of the indentation model (i.e. OP or HZ) is dependent on the 

nature of the agreement required. At low strains (Zhai [172] and 2.5%-7.5%), the HZ model may 

minimize STD of the MD while the OP model has a lower MD. Thus, if variability in the agreement is not 

a major concern, the OP model may be the optimal choice. However, considering the slightly lower STDs 

of the MD in the HZ model and the very high correlations, a bias correction of the HZ model may 

perform comparably. In terms of sample geometry, the choice of small or large geometry samples will 

likely be dependent on clinical factors around fresh tissue sampling. However, at low strains (Zhai [172] 

and 2.5%-7.5%), if the HZ model is used, sample geometry does not appear to be a mediating factor, 

while in the case of the OP model, small sample geometries (<5mm) may optimize the agreement 

between SWE and indentation. Finally, in terms of testing rate, the best agreement between indentation 

and SWE stiffness measures was observed at the lowest testing rate (0.01Hz), however in the case of 

higher testing rates the HZ model may be the optimal choice. 

 

 Limitations 
As with any work, findings from this study need to be considered within the context of the 

limitations of this work. The indentation models included in this work assume a linear elastic material. 

While the oil-in-gelatin phantoms here were indeed homogeneous and isotropic, other factors such as 

viscoelasticity, friction, and non-parallel surfaces during mechanical testing may have impacted 

outcomes. Quasi-static testing rates and small deformations, lubricated testing surfaces (safflower oil), 

and prescribed cutting jigs were used, respectively, in an attempt to eliminate these factors. However, 

viscoelasticity of the phantom materials may have been responsible for trends across the testing rates. 

Friction between the loading jig and the material during testing could have increased estimates of the 

elastic modulus. Further, non-parallel testing surfaces would have elongated to the toe region of the 

stress-strain curves and decreased the measured elastic moduli. 
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In comparing mechanical testing and elastography outcomes, another limitation to this work is 

the use of quasi-static mechanical testing as a comparator for shear wave elastography loading, which is 

dynamic in nature. Some groups have implemented dynamic indentation mechanical testing for SWE 

applications, as it is thought to better represent the dynamic loading of SWE in vivo [90], [106], [291]. 

While quasi-static tissue testing does not simulate the high loading frequencies observed in SWE [115], 

it can still provide accurate, efficient, and accessible means of characterizing tissue stiffness [71], [72], 

[172] and is often selected for estimating tissue stiffness [71], [72], [113], [172]. In a comparison of a 

dynamic and quasi-static mechanical testing methodologies, Omari et al. [89] observed that quasi-static 

testing results exhibited comparable trends to those observed with dynamic testing, though generally 

yielding larger amplitude outcomes. If the implications of Omari et al.’s [89] findings are considered 

here, quasi-static mechanical testing outcomes may be overestimating material stiffness. When 

comparing mechanical testing outcomes to SWE estimates of material stiffness, there were significant 

biases and overestimation of the elastic modulus for many of the low strain outcomes, however at high 

strains mechanical testing underestimated SWE stiffness consistently. Moreover, Oudry et al. [95] 

observed consistent results between dynamic and quasi-static mechanical testing when compared to 

SWE testing outcomes. Further research is required to understand the impact of quasi-static mechanical 

testing parameters on over- or under-estimation of the SWE modulus. 

It should be noted that the Zhai [172] strain range over which the modulus was calculated was 

set from 0% to the error threshold for a linear model. Thus, the peak strain over which the modulus was 

calculated was determined on a case-by-case basis. Thus, strain ranges for the Zhai [172] strain range 

were somewhat variable and may have reduced agreement between SWE and indentation outcomes. 

Setting a fixed limit for this strain range (e.g. 0% to 10%) may function to improve agreement, 

depending on the linearity of the stress-strain curves in this region.  
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Similarly, the use of a testing frequency, rather than a set strain rate, combined with slightly 

variable sample geometries yielded strain rates that were slightly variable under each testing frequency. 

Testing frequencies were used to govern loading rates in this study, despite the quasi-static nature of 

the mechanical testing, as they could be directly compared to SWE loading rates quoted in the 

literature. Regardless, this may have been a source of the variance in agreement between the 

indentation and SWE outcomes. Strain rates for each testing frequency were always of the same order 

of magnitude and did not deviate substantially across each frequency condition and sample size, due to 

general consistency of the sample geometries. Regardless, future quasi-static validation of indentation 

testing parameters is recommended to parameterize testing speed as a strain rate rather than a 

frequency.  

For Zhang et al.’s [111] updated coefficients for the Hayes model [112], finite element modelling 

showed that friction between the indenter tip and test surface increases with the ratio of the indenter 

diameter (Φi) to the indentation depth (h).  While this effect can be ignored at smaller Φi
ℎ⁄ , friction 

should be considered for larger ratios (Φi
ℎ⁄ >2) as it can theoretically cause substantial error in the 

estimates of the elastic modulus. In fact, error may be up to 33% for Φi
ℎ⁄ = 2. With the knowledge that 

the indenter diameter for this study was 1.6mm, sample thickness for small samples was less than 5mm, 

and indention was performed up to 25% strain, friction between the indenter and material surface may 

have been a substantial source of error and decreased the agreement of indentation and SWE 

outcomes.  
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 Conclusion 
Findings from this study indicated very strong relationships between indentation and SWE 

estimates of tissue stiffness regardless of testing conditions. However, there were several parameters 

that optimized agreement between indentation and SWE outcomes. In particular, indentation moduli 

should be calculated at low strains (Zhai [172] and 2.5%-7.5%), which are thought to mimic SWE loading 

regimes [115]. The choice of indentation model is dependent on the particular metrics of interest; 

however, the OP indentation model may objectively yield better agreement with SWE outcomes, 

compared to the HZ model. Small sample geometries (<5mm) and slow testing rates (0.01 Hz) will 

optimize agreement between indentation and SWE measures of material stiffness. Conditions for 

deviations from any of these recommended parameters were elaborated on here, with further 

recommendations as necessary. Finally, specific recommendations around parameter selection for the 

indentation testing of soft tissue are dependent on the relevant in vivo strains applied to the tissues of 

interest. Validation of testing parameters and models using a small sample of TMMs is recommended 

prior to proceeding with ex vivo indentation testing of soft tissues. 
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6 Study 4: The Reliability and Potential Confounders on In Vivo Shear 

Wave Elastography Measurements of Uterine Tissue Stiffness 

 Introduction 
Uterine fibroids (UFs), endometriosis, and adenomyosis are gynecological disorders that can all 

cause significant symptoms (i.e. excessive bleeding, gynecological pain, and infertility) [1]–[7], with 

prevalences estimated between 10% and 30% in premenopausal women, depending on the disorder [1], 

[2], [14], [5], [7]–[13]. UFs are benign tumors of the myometrium [8], endometriosis is the extra-uterine 

growth of endometriotic cysts and/or lesions [6], and adenomyosis is the growth of endometrial glands 

deep in the myometrium causing myometrial hypertrophy and/or hyperplasia [15]. All of these disorders 

are associated with clinical struggles around diagnosis and/or treatment planning [4], [6], [23]–[25], [7], 

[16]–[22]. Further, these three disorders can co-occur, further confounding clinical decision making [6], 

[7], [26].  

In cases of UFs, diagnosis on ultrasound imaging (USI) can often be performed with high 

diagnostic  accuracy [9], [21], [292], [293]. Yet medical management, used in many cases to avoid the 

inherent risks of surgery [16]–[18], is complicated by negative side effects [4], [16], [17], [19]–[22], 

variable non-response rates [17], [19]–[23], and recurrence after therapy cessation [17], [20], [21], [24]. 

These factors may be associated with various tumor properties that cannot be visualized on USI [294]–

[298]. Similarly, while ovarian and deep endometriosis diagnosis is possible on USI [6], [7], [25], 

improved diagnostic accuracy, thorough lesion mapping, and differentiation of lesion characteristics, is a 

necessity to support surgical management [6]. Adenomyosis diagnosis on USI is also possible for trained 

clinicians [6], [299], [300]. However, focal adenomyosis and UFs can be visually similar on USI [6]. Yet, 

UFs push and deform the myometrium, while adenomyosis penetrates between myometrial cells [6]. 
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Clinically UF and adenomyosis treatment are markedly distinct [6], thus requiring clear pre-operative 

differentiation.  

Ultrasound elastography, a medical imaging modality able to visualize tissue stiffness, has 

improved diagnosis and staging of many diverse pathologies [58], [61], [67], [69], [101]–[103], [283], 

[301], and may provide invaluable insight into diagnosis and treatment planning for gynecological 

pathologies [50]–[52], [54], [167], [174], [209], [247], [302]. Shear wave elastography (SWE) (e.g. 

SuperSonic Imagine, Aix-en-Provence, France [115]) uses acoustic radiation force (ARF) or external 

vibrators to remotely excite shear waves in the tissue. The speed of these waves, which can be 

estimated through USI processing techniques, can be used to estimate tissue stiffness in soft tissues 

providing unique insight into various pathologies. SWE is able to visualize tissue stiffness ranging from 

exceptionally soft (e.g. fatty tissues) to exceptionally hard (e.g. ablated lesions). The clinical utility of 

tissue stiffness, measured by SWE, lies in the observed relationships between the microstructure (i.e. 

histology) of healthy and pathological human tissue and the macroscopic stiffness of those same tissues 

[27]–[36]. 

Using SWE in a small sample of women (n=30) with deep endometriosis, measures of 

endometriosis lesion stiffness (n = 34 lesions, median [range] = 123.0 kPa [40.9, 295.1] kPa) showed a 

positive correlation with lesion fibrosis, as identified by Masson trichrome staining (r = 0.89, p < 0.001) 

[257]. Lesion stiffness also correlated negatively with vascular density (r = -0.91, p<0.001) [257]. 

However, endometriosis lesion thickness was not recorded and studies have found that guided mode 

propagation can bias findings in tissue with thickness ≤15mm, which may limit the applicability of these 

findings [190]. Another study comparing SWE stiffness of uteruses with adenomyosis lesions (n=39, 

median [range] = 72.7 kPa [22.3, 274.2] kPa), those with non-adenomyosis lesions (n=14, median [range] 

= 28.3 kPa [12.7, 59.5] kPa), and healthy uteruses (n=56, median [range] = 24.4 kPa [17.9, 32.4] kPa) 

found adenomyotic lesions were significantly the stiffest tissue (p<0.05) [209], with no significant 
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difference between the latter two groups [209]. Neither study included thorough characterization of 

participant demographics or anthropometrics. 

Considering studies of women with no known pathology, Soliman et al. [222] found that 

endometrium tissue (n=32, mean ± STD = 12.6 ± 1.8 kPa) was significantly softer than the myometrium 

(n=32, mean ± STD = 23.9 ± 1.8 kPa, p<0.001). A second study by Zhang et al. [121] observed that cervix 

tissue (n=14, mean ± STD = 84.3 ± 12.0 kPa) was stiffer than myometrium tissue (n = 14, mean ± STD = 

69.1 ± 10.8 kPa). However, myometrium stiffness was significantly different between the two studies 

(p<0.0001). One explanation for this could be that the first study employed supersonic shear imaging 

(SSI) and the second study used acoustic radiation force imaging (ARFI). ARFI and SSI are two unique 

SWE modalities. Research into the variability of stiffness outcomes acquired using linear probes across 

different SWE systems has suggested that measurements may vary by as much as 18% in a highly 

controlled phantom experiment, depending on target depth. Yet, the variability in endoprobe SWE 

across systems is unknown and variability across systems during in vivo SWE is likely higher.  

  The reliability of SWE has yet to be systematically evaluated in healthy or pathological uterine 

tissues, however Peralta et al. [167] found the reliability of SWE to measure cervix stiffness, using 

Cronbach’s alpha (Cα) as an outcome, to range from 0.897 to 0.941 within-rater and 0.861 to 0.936 

between-raters. 

While SWE shows exciting potential for gynecological applications, a wide array of technical 

limitations plagues the current literature. As previously noted, studies may use different SWE imaging 

systems. In the literature, variability across elastography systems has been related to target depth [78], 

[80] and, although cervix stiffness during pregnancy does not appear to relate to target depth [120], the 

myometrium is a deeper tissue and there is currently no reporting around gynecological target depth in 

the elastography literature. Moreover, depending on the position and flexion of the uterus (Figure 36), 
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depth and residual stresses in the anterior and posterior uterine segments may vary drastically, making 

uterus position/flexion and target depth in the uterus all potentially relevant factors that could impact 

SWE measures of tissues stiffness. Finally, measurements in thin tissues are another source of potential 

error, where elastography validity appears to decrease due to the phenomenon of guided mode 

propagation [190]. While methods have been developed to address this confounding factor [175], [191], 

the SWE measured stiffness appears to decrease in tissues with thickness <15mm [175], which may 

preclude the use of UE in thin gynecological tissues, such as the endometrium.  

 

Figure 36 Mid-sagittal plane diagram showing the position of a uterus showing (A) normal anteversion and anteflexion, (B) excessive 

anteflexion, (C) retroversion, and (D) retroversion with retroflexion. Reproduced from [181] © 2006, with permission from Wolters Kluwer 
Health, Inc. Measurements in thin tissues, such as the endometrium, are another source of potential error, where elastography validity appears 

to decrease due to the phenomenon of guided mode propagation [190]. 

There is also a distinct lack of thorough reporting around elastography studies of uterine 

disorders in the literature. Often, pre- and post-menopausal study participants may be grouped 

together, despite well documented changes occurring in gynecological tissue during menopause [94], 

[303], [304].  Age [303], [305], obesity [306], [307], and pregnancy [308], [309] all impact the uterus 

mechanically and hormonally, yet these relevant factors are often omitted from study reporting. Finally, 

hormonal changes throughout the menstrual cycle result in physiological changes to endometrium, the 

endometrium-myometrium junctional zone, and the myometrium [181], [314]–[316]. Yet it is not yet 

clear whether these changes alter SWE measures of uterine tissue stiffness [121].  
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In the same way that elastography has improved the diagnosis and staging in pathologies of the 

breast, liver, and other tissues [58], [61], [67], [69], [101]–[103], [283], [301], we expect that 

gynecological SWE [50]–[52], [54], [167], [174], [209], [247], [302], may provide necessary insight for 

treatment planning in cases of UFs, adenomyosis, and endometriosis, particularly in relation to the use 

of medical therapies. However, before we can evaluate gynecologic SWE as a diagnostic tool for 

treatment planning, we must systematically assess the reliability of SWE in gynecological tissues, 

provide a clear characterization of “healthy” uterine tissue stiffness, and investigate of the impact 

natural hormone variations across the menstrual cycle on uterine tissue stiffness measured by UE. The 

purpose of this study was to: (i) establish the within-day and between-day reliability of SSI measures of 

uterine tissue stiffness in women with no known uterine disorders; (ii) investigate the effect of phase in 

the menstrual cycle on SSI measures of tissue in women with no known uterine disorders; (iii) 

investigate the impact of target site in the uterus and depth of target site on tissue stiffness; (iv) provide 

a qualitative evaluation of any potential confounders on measures of uterine tissue stiffness in women 

with no known uterine disorders. This work is an essential step in establishing gynecological UE as a 

feasible tool for clinical use and, to the author’s knowledge, no study has explicitly investigated any of 

these important features using gynecological SWE. 

 

 Methods 

 Participants 
Data were acquired as a part of a larger ongoing observational study, which was approved by 

the institutional research ethics boards (20170872-01H, H-08-18-790). Participants with no known 

history of uterine pathologies were recruited from the local community using posters and word of 

mouth. Inclusion criteria were: aged 18 or older, intact uterus, no previous gynecological surgery, not 

currently pregnant, >6 months post-partum (if recently pregnant), premenopausal, regular period or a 

period suppressed through the use of hormonal birth control. Participants were subclassified as either 
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currently using a hormonal birth control (HBC) or not currently using any hormonal birth control 

methods (CON).  

 

 Standardization of SWE Imaging Visits 
Upon recruitment, participants with regular menstrual cycles were asked to provide details on 

their cycle (i.e. average duration of cycle, average duration of bleeding, most recent day one of cycle). 

Participants in the CON group were scheduled for three imaging visits. The first visit (V1) was scheduled 

in the proliferative phase of the menstrual cycle, approximately day 7 of the menstrual cycle, when 

estrogen and progesterone are expected to be lower. The second visit (V2) was scheduled in the 

secretory phase of the menstrual cycle, approximately 7 days after a positive over-the-counter ovulation 

test, when progesterone levels were expected to be high, and estrogen was expected to be between 

low and medium levels. The third visit (V3) was scheduled within 48 hours of V2, in the secretory phase 

of the menstrual cycle. For participants in the CON group, V1 included two repeated SWE imaging 

sessions, while V2 and V3 each included only a single SWE imaging session. Participants in the HBC 

group were scheduled for only two visits, due to the variability in types and mechanisms of action of 

hormonal birth control being used. For participants in the HBC group, V1 included two repeated SWE 

imaging sessions, and V2, scheduled within 48 hours of V1, included only a single SWE imaging session. 

For participants in the HBC group, the scheduling of V1 and V2 was not standardized, however 

menstrual cycle data were recorded.  

  

 Data Acquisition 
 Upon their first visit to the institution, participants provided written informed consent. 

Demographic and anthropometric information was acquired, including age, race/ethnicity, weight, 

height, gravidity, parity, and details of contraceptive use.  Participants then completed the Menstrual 



151 
 

Bleeding Questionnaire (MBQ) [317], a standardized validated questionnaire to evaluate the impact of 

their menstrual bleeding on quality of life. A MBQ score of 0 is the lowest possible score, indicating a 

less pronounced impact of menstrual bleeding on quality of life, while 75 is the maximum score. 

Participants were then instructed to void their bladder prior to USI and SWE imaging.  

 

Figure 37 Graphical representation of the endoprobe position in the vagina with respect to an anteverted uterus. The probe imaging surface is 

placed further anteriorly to visualize the fundus. 

USI and SWE were conducted using the SuperSonic UltrafastTM Aixplorer® (SuperSonic Imagine, 

Aix-en-Provence, France). Imaging was conducted with participants lying in the lithotomy position, with 

hips flexed, abducted, and legs resting in stirrups. A transvaginal endoprobe (Table 2) was inserted into 

the vagina to visualize the uterus (Figure 37). Imaging was performed only endovaginally using the 

endoprobe, as this is the only probe with wide spread clinical utility for imaging in uterine pathologies 

that can also visualize a healthy unaffected uterus. Indeed the other two probes would not be 

appropriate for this application as the linear and curvilinear probes do not have an adequate view angle 

to see the whole uterus nor the penetration depth for the uterus sites to be clearly visualized. Three 

measurements of uterine volume (cm3) and endometrial thickness (mm) were recorded using B-mode 

ultrasound. Uterus position (neutral, retroverted, anteverted), uterus flexion (neutral, retroflexed, 

anteflexed), and bladder fullness (empty, minimal residual, moderate residual) post-voiding were also 

recorded. 
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Table 19 Aixplorer (SuperSonic Imagine, Aix-en-provence, France) shear wave elastography (SWE) ultrasound imaging probe used for testing 
and its specifications [108].  

 

In the mid-sagittal plane of the uterus, SWE 

measures of uterine tissue stiffness were acquired at the 

anterior cervix (CA), posterior cervix (CP), anterior 

myometrium (MA), posterior myometrium (MP), and in the 

fundus (FU) (Figure 38). At each target site, three cineloops of 

at least 10 frames of SWE data were acquired. For each SWE 

trial for a given target site, a single measure of depth (mm) 

and tissue stiffness (kPa) was taken from a 5mm circular 

region of interest (RO) as a median of 10 frames. No tissue 

stiffness measurements were acquired in the endometrium, due to the well-documented limitations 

around SWE measurements in thin tissues [189]–[191] and variable endometrium thickness over the 

course of the menstrual cycle. Additionally, no measures were acquired at the MP site for participants 

with intra-uterine devices (IUDs) due to the potential of shadowing and reflection to confound measures 

of tissue stiffness.  

At V1, after the first imaging session, the endoprobe was removed from the vagina, the SWE 

system was rebooted, and a subsequent SWE imaging session was completed following the same 

protocol to allow for estimation of within-day reliability. After V1, participants in the CON group were 

given a box of over-the-counter ovulation tests. V2 and V3 for CON were booked after a positive 

ovulation test, while participants in the HBC group returned within 48 hours for V2. For both HBC and 

Model Type 
Imaging 

Frequency Range 
(MHz) 

Nominal Centre 
Frequency 

(MHz) 

SWE Penetration 
Range 
(mm) 

SWE Spatial 
Resolution 

(mm) 

SE12-3 Endoprobe 3.0 to 12.0 7.5 2.5 to 30 2.0 

M

F

U
M

C

C

Figure 38 Target sites for shear wave elastography 

(SWE) measurements of tissue stiffness in an 
anteverted uterus. Target sites included the anterior 

cervix (CA), posterior cervix (CP), anterior 

myometrium (MA), posterior myometrium (MP), 
and the fundus (FU). 
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CON participants, follow-up visits included only a single repetition of the USI and SWE imaging protocol 

(single session) that was conducted in V1. 

 

 Statistical Analysis and Outcomes 
For each target site and imaging session, depth and stiffness measures were averaged across 

three trials. ROI placement was checked to ensure consistency between imaging sessions and visits. 

Intra-class correlation coefficients (ICCs; two-way mixed effects, absolute agreement, multiple 

measurements [256]) were used to assess within-day and between-day (within the secretory phase) 

reliability of UE stiffness measures [164], [318]. According to the definitions given by Cicchetti et al. 

[105], ICC≤0.40 was poor, 0.40<ICC≤0.60 was fair, 0.60<ICC≤0.75 was good, 0.75<ICC was excellent.  

Due to issues around consistent acquisition of complete data sets, pair-wise comparisons (Student’s T-

test or Wilcoxon Rank Sum test, as appropriate) were used to test for significant differences of SWE 

measures of tissue stiffness between the proliferative and secretory phase of the menstrual cycle and 

Cohen’s d was used, where appropriate, to indicate effect size. One-way analysis of variance (ANOVAs) 

with a Tukey post-hoc test was used to identify significant differences in target stiffness and target 

depths. Correlation analyses (Pearson’s or Spearman’s, as appropriate) were used to identify any 

relationship between tissue stiffness and target depth at each target site. Finally, case examples of 

potential confounding factors were identified to direct future research. 

SWE data from V1 for both the CON and HBC participants was used to evaluate within-day 

reliability of SWE measures of uterine tissue stiffness at different target sites in the uterus. SWE data 

from SWE data from V1 and V2 (<48 hours apart) in the HBC group and from V2 and V3 (<48 hours 

apart) in the control group were used to evaluate between-day reliability of SWE measures of uterine 

tissue stiffness at different target sites in the uterus. SWE data from participants in the CON group 

collected in the proliferative phase of the menstrual cycle (V1) and data from participants in the CON 
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group collected in the secretory phase of the menstrual cycle (averaged across V2 and V3) was used to 

evaluate whether there was a significant difference between SWE measures of uterine tissue stiffness at 

different target sites in the uterus that were taken at different phases in the menstrual cycle. Depth and 

stiffness of the target sites across all visits and SWE imaging sessions for all participants in the HBC and 

CON groups were used to characterize uterine tissue stiffness and evaluate whether there was a 

significant relationship between depth or target site significantly impacted SWE measures of tissue 

stiffness. The level of significance was set to α = 0.05 for all statistical tests. 

 

 Results 

 Study Sample Characterization 
A total of 32 participants were included in the study, with 21 belonging to the CON group and 11 

belonging to the HBC group. Demographics and anthropometric data are presented each for the CON 

group, the HBC group, and the combined study group (ALL) in Table 20 

Table 20. Uterus volume, endometrial thickness, uterus position (neutral, retroverted, anteverted), 

uterus flexion (neutral, retroflexed, anteflexed), and bladder fullness (empty, minimal residual, 

moderate residual) are given are given in  

Table 21. Note that the position of one participant’s uterus (CON group) changed from retroverted to 

anteverted between V1 and V2, which tends to be quite uncommon [319]. Measures of target depth 

and stiffness are given each for the CON group, the HBC group, and the combined study group in Table 

22. 

Table 20 Demographic and anthropometric characteristics of participants in the control (CON), hormonal birth control (HBC) and combined 

(ALL) study groups. Visit and ovulation day are given as day in the menstrual cycle. Menstrual Bleeding Questionnaire (MBQ) scores are given 

on an integer scale of 0 to 75, where 0 indicates a low impact of menstrual bleeding on quality of life. Values are indicated as mean ± standard 
deviation or median [range] and “-“ indicates that parameter is not applicable or was not measured. Study visits are denoted as visit 1 (V1), visit 

2 (V2), or visit 3 (V3). 

 CON (n = 21) HBC (n = 11) ALL (n = 32) 

Age (years) 31.5 ± 7.2 27.7 ± 4.2 30.2 ± 6.5 

BMI (kg/m2) 22.8 ± 3.23 22.4 ± 2.9 22.7 ± 3.1 

Gravidity 0 [0,4] 0 [0,0] 0 [0,4] 

Parity 0 [0,4] 0 [0,0] 0 [0,4] 

Cycle Length (days)  29 [27,40] 28 [21,35] 28 [21,40] 

Bleeding Length (days)  5 [2,8] 5 [4,8] 5 [2,8] 
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MBQ Score 13 [4,36] 8 [0,22] 11 [0,36] 

V1 Day in Cycle 8 [3,14] 11 [5,26] 9 [3,26] 

Ovulation Day in Cycle  13 [8,18] - - 

V2 Day in Cycle  19 [14,25] 13 [6,27] 19 [6,27] 

V3 Day in Cycle  20 [16,26] - 20 [16,26] 

Ethnicity 
Asian (n = 4) 
Latin (n = 2) 

White (n = 15) 

Asian (n = 2) 
Latin (n = 2) 

White (n = 7) 

Asian (n = 6) 
Latin (n = 4) 

White (n = 22) 

Hormonal Birth 
Control Use 

- 

Mirena IUD (n = 5) 
Kylena IUD (n = 2) 
Evra Patch (n = 1) 
Alysena Pill (n = 3) 

Mirena IUD (n = 5) 
Kylena IUD (n = 2) 
Evra Patch (n = 1) 
Alysena Pill (n = 3) 

 

Table 21 Uterus characterization for the control (CON) and hormonal birth control (HBC) study groups, assessed at visit 1 (V1), visit 2 (V2), and 

visit 3 (V3). Visit day in cycle and (CON only) day with respect to ovulation test (Days After Ovulation) are given as the median [range]. Uterus 

position is classified as anteverted (A), retroverted (R), or neutral (0). Uterus flexion is classified as anteflexed (A), retroflexed (R), or neutral 
(0). Bladder fullness following voiding is classified as completely empty (0), minimal residual (1), or moderate residual (2).  

Group Visit 
Day in 
Cycle 

Days After 
Ovulation  

Endometrium 
Thickness (mm) 

Uterine 
Volume (cm3) 

Uterus 
Position 

Uterus 
Flexion 

Bladder 
Fullness 

CON 

V1 8 [3,14] -6 [-9,-1] 4.2 ± 0.3 54.5 ± 19.0 
0 (n= 0) 
R (n = 4) 
A (n = 18) 

0 (n= 15) 
R (n = 3) 
A (n = 4) 

0 (n = 14) 
1 (n = 4) 
2 (n = 4) 

V2 19 [14,25] 7 [4,11]  10.9 ± 0.3 61.6 ± 19.5 
0 (n= 0) 
R (n = 3) 
A (n = 19) 

0 (n= 15) 
R (n = 3) 
A (n = 4) 

0 (n = 14) 
1 (n = 4) 
2 (n = 4) 

V3 20 [16,26] 8 [5,12] 10.0 ± 0.3 60.5 ± 16.4 
0 (n= 0) 
R (n = 3) 
A (n = 19) 

0 (n= 15) 
R (n = 3) 
A (n = 4) 

0 (n = 14) 
1 (n = 4) 
2 (n = 4) 

HBC 

V1 11 [5,26] - 2.9 ± 1.6 42.5 ± 9.5 
0 (n= 0) 
R (n = 2) 
A (n = 8) 

0 (n= 7) 
R (n = 2) 
A (n = 1) 

0 (n = 5) 
1 (n = 3) 
2 (n = 2) 

V2 13 [6,27] - 3.7 ± 2.5 41.9 ± 9.9 
0 (n= 0) 
R (n = 2) 
A (n = 8) 

0 (n= 6) 
R (n = 3) 
A (n = 1) 

0 (n = 4) 
1 (n = 4) 
2 (n = 2) 

 

Table 22 Shear wave elastography (SWE) measures of uterine tissue stiffness in kilopascals (kPa). Participants were (HBC) or were not (CON) 

using hormonal birth control (HBC). Uterus sites included the anterior cervix (CA), the posterior cervix (CP), the anterior myometrium (MA), the 

posterior myometrium (MP), and the fundus (FU). Site depth was recorded for all measures. Outcomes are given as mean ± standard deviation. 

Site Visit 
CON  HBC 

Depth  
(mm) 

SWE  
(kPa) 

 
Depth  
(mm) 

SWE  
(kPa) 

CA 

V1S1 11.8 ± 6.6 42.7 ± 28.4  8.6 ± 3.3 44.7 ± 21.9 

V1S2 13.3 ± 6.0 42.0 ± 24.6  10.4 ± 3.2 38.7 ± 16.2 

V2S1 8.4 ± 4.5 44.0 ± 17.3  10.7 ± 4.9 47.1 ± 23.0 

V3S1 11.3 ± 6.1 49.4 ± 17.5  - - 

CP 

V1S1 18.6 ± 8.0  73.3 ± 17.9  15.4 ± 9.0 59.4 ± 24.4 

V1S2 22.8 ±7.9 79.5 ± 29.6  14.7 ± 6.3 51.8 ± 19.3 

V2S1 21.0 ±6.7 77.7 ± 22.9  14.2 ± 7.2 62.0 ± 30.0 



156 
 

V3S1 21.4 ± 8.9 79.9 ± 32.8  - - 

MA 

V1S1 15.9 ± 6.6 49.7 ± 13.6  13.9 ± 4.8 28.2 ± 11.4 

V1S2 18.0 ± 5.7 50.2 ± 20.5  17.4 ± 4.9 29.4 ± 9.7 

V2S1 15.6 ± 6.4 41.3 ± 14.5  16.5 ± 5.5 45.4 ± 16.0 

V3S1 15.5 ± 6.3 42.9 ± 14.7  - - 

MP 

V1S1 24.4 ± 6.1 57.5 ± 22.0  21.0 ± 8.4 46.6 ± 25.3 

V1S2 25.2 ± 6.0 60.2 ± 18.5  20.9 ± 8.6 38.9 ± 22.3 

V2S1 27.3 ± 7.8 64.7 ± 22.7  21.2 ± 8.6 39.3 ± 14.3 

V3S1 26.8 ± 8.2 56.7 ± 22.0  - - 

FU 

V1S1 13.9 ± 4.3 51.3 ± 21.1  15.4 ± 7.5 55.9 ± 22.9 

V1S2 16.9 ± 6.9 57.6 ± 19.5   15.9 ± 4.9 53.6 ± 24.3 

V2S1 16.1 ± 4.5 54.2 ± 21.1  16.6 ± 5.7 46.9 ± 15.3 

V3S1 16.8 ± 5.5 52.5 ± 17.6  - - 

 

 Observations on Study Sample 
One participant (CON) had a copper IUD. In line with the methods used for the HBC group, 

measurements of tissue stiffness were not acquired at the MP uterine site (anteverted uterus), posterior 

to the IUD. Measures of tissue stiffness at all other uterine sites for this participant deviated by less than 

one standard deviation from group averages and thus were retained (Figure 39A). Another participant 

(CON) had undergone a c-section (anteverted uterus) leaving a region of scar tissue that was 

substantially stiffer than the adjacent myometrial tissue (Figure 39B). For this case, SWE measures of the 

MA were taken far from the c-section scar where myometrial tissue stiffness had stabilized. A third 

participant (HBC) reported a historic diagnosis of endometriosis with no surgical or pathology-based 

confirmation and no recent (>10 years) symptoms of endometriosis (Figure 39C). Tissue stiffness at all 

uterine sites deviated less than one standard deviation from the group mean. Considering the lack of 

recent history, lack of surgical/biopsy diagnosis, and the knowledge that stiff extra-uterine lesions are 

the primary concern for SWE of endometriosis, rather than impacts on intrauterine tissue stiffness [40], 

[257], data from this participant were retained. 
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 SWE Reliability and Phase Outcomes 
 Considering both the CON and HBC groups, within-day and between-day reliability findings are 

given in Table 23 and Table 24, respectively. Pairewise comparisons show no significant difference across 

target site tissue stiffness between imaging sessions within-day, however target depths of the CP, MA, 

and FU sites differed across imaging sessions. Within-day reliability of SWE measures of uterine tissue 

stiffness was excellent for all target sites. Comparing depth and stiffness between days, only the CA site 

exhibited significant differences between days. Between-day reliability was poor for in the MA site, good 

in the FU and MP sites, and was excellent both cervix sites. Considering the CON group, there were no 

differences in stiffness between the proliferative and secretory phases of the menstrual cycle ( 
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Table 25). Effect sizes were small at all sites except for the MA which yielded a medium effect size. These 

findings suggested no impact of phase in the menstrual cycle on measures uterine tissue stiffness. 

 

 Depth and Stiffness of Uterine Target Sites 
 In order to provide a thorough characterization of uterine tissue stiffness, measures of target 

stiffness and depth were averaged across all visits and imaging sessions for all groups (Table 26). 

Comparing between sites, results showed significant differences (p<0.001). Post-hoc pairwise 

comparisons showed that posterior sites were stiffer (either significantly or approaching significance) 

than anterior sites for both the cervix (CA vs CP, p<0.001) and the myometrium (MA vs MP, p=0.064). 

Additionally, the posterior cervix was significantly stiffer than all myometrium sites (MA p<0.001, MP 

p=0.025, FU p=0.015). In terms of target site depth, on average the anterior cervix was significantly 

shallower than all other sites (CP p<0.001, MA p=0.007, MP p<0.001, FU p=0.009), while the posterior 

myometrium was significantly deeper than all sites (CA p<0.001, CP p=0.012, MA p=0.013, FU p=0.012). 

The MA, FU, and CP sites were not significantly different in terms of target site depth (p>0.100). Finally, 

target site depth exhibited weak, but significant correlations with CP and MA stiffness and moderate 

significant correlations with CA, MP, and FU stiffness (Figure 40). 

 

(A) 
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; 

Figure 39 Visualization of SWE data from three participants. The first participant (A) had a copper intrauterine device (IUD). Measures of the 
posterior myometrium were excluded for this participant due to stiffness artifacts near the IUD that may have confounded measures of tissue 

stiffness. The second (B) participant had a c-section scar in the anterior myometrium (MA) which led to measures of increased tissue stiffness in 

this region. For this participant, MA measures of tissue stiffness were taken far from the scar to avoid any confounding of tissue stiffness 
measures by the scar tissue. The third participant (C) had a historic diagnosis of endometriosis, but no recent history of symptoms (>10 years), 

and no surgical/biopsy diagnosis. With the knowledge that stiff extra-uterine lesions are the primary concern for SWE of endometriosis, rather 

than impacts on intrauterine tissue stiffness [40], [257], tissue stiffness data from this participant was retained in the study. 
Table 23 Within-day reliability of measures of uterine tissue stiffness measured in kilopascals (kPa) using shear wave elastography (SWE) in 

participants with no known uterine pathology who are (HBC) and are not (CON) using hormonal birth control. Target sites included the anterior 

cervix (CA), the posterior cervix (CP), the anterior myometrium (MA), the posterior myometrium (MP), and the fundus (FU). Target site depth 
was recorded for all measures. SWE and depth outcomes (mean ± standard deviation) were taken during visit 1, session 1 (V1S1) and repeated 

the same day during visit 1 session 2 (V1S2). Within-day reliability is given using intraclass correlation coefficients (ICCs) with the 95% lower 

bound (LB) and upper bound (UB). Significant differences (p<0.05) in depth of target site within-day are indicated by “*”. There were no 
significant differences between stiffness measured by SWE between V1S1 and V1S2 for any sites. 

Site 

 

Visit 
CON + HBC  Within-Day Reliability 

n Depth  
(mm) 

SWE  
(kPa) 

 ICC (LB,UB) p 

CA 30 
V1S1 10.7 ± 5.9 43.4 ± 26.3  

0.90 (0.80,0.96) <0.001 
V1S2 12.3 ± 5.4 40.9 ± 21.9  

CP 22 
V1S1 15.7 ± 8.1* 65.0 ± 22.7  

0.82 (0.58,0.92) <0.001 
V1S2 19.0 ± 8.2* 70.4 ± 30.1  

MA 26 V1S1 15.3 ± 6.1* 43.4 ± 16.1  0.81 (0.58,0.92) <0.001 

(B) 

(C) 
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V1S2 17.8 ± 5.4* 43.8 ± 20.2  

MP 19 
V1S1 23.1 ± 7.1 52.6 ± 21.8  

0.79 (0.45,0.92) 0.001 
V1S2 23.8 ± 7.0 53.5 ± 21.7  

FU 18 
V1S1 13.6 ± 4.1* 54.1 ± 21.0  

0.78 (0.40,0.92) 0.002 
V1S2 16.5 ± 6.0* 55.8 ± 20.2  

 

Table 24 Shear wave elastography (SWE) measures of uterine tissue stiffness in kilopascals (kPa) between-days in participants with no known 

uterine pathology, using (HBC) and not (CON) using hormonal birth control. Target sites are the anterior (CA) and posterior cervix (CP), the 
anterior (MA) and posterior myometrium (MA), and the fundus (FU). SWE and depth outcomes (mean ± standard deviation) were averaged 

across visit 2 and visit 3 (CON) or across visit 1 (average of two sessions) and visit 2 (HBC). Reliability (intraclass correlation coefficients, 

ICCs) and 95% confidence interval (lower bound, LB; upper bound, UB) are shown. Significant differences (p<0.05) are indicated by “*”.  

Site 

 

Day 
CON + HBC  Between-Day Reliability 

n Depth  
(mm) 

SWE  
(kPa) 

 ICC (LB,UB) p 

CA 31 
Day 1 8.8 ± 3.9* 42.7 ± 17.6*  

0.86 (0.69,0.93) <0.001 
Day 2 11.1 ± 5.6* 47.8 ± 19.4*  

CP 27 
Day 1 18.8 ± 7.6 71.6 ± 25.4  

0.87 (0.72,0.94) <0.001 
Day 2 19.0 ± 9.1 74.5 ± 33.2  

MA 30 
Day 1 15.5 ± 5.8 37.9 ± 14.0  

0.25 (-0.49,0.64) 0.207 
Day 2 15.9 ± 6.0 43.6 ± 14.9  

MP 19 
Day 1 24.8 ± 8.8 55.8 ± 22.8  

0.74 (0.35,0.90) 0.002 
Day 2 24.4 ± 8.7 48.9 ± 21.1  

FU 18 
Day 1 16.6 ± 6.0 56.0 ± 19.9  

0.65 (0.10,0.87) 0.017 
Day 2 16.9 ± 5.7 50.3 ± 16.1  
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Table 25 Measures of uterine tissue stiffness measured in kilopascals (kPa) using shear wave elastography (SWE) in participants with no known 
uterine pathology who are not (CON) using hormonal birth control. Target sites included the anterior (CA) and posterior cervix (CP), the 

anterior (MA) and posterior myometrium (MA), and the fundus (FU). SWE and depth outcomes (mean ± standard deviation) were taken in the 

proliferative phase of the menstrual cycle during visit 1 (averaged across two imaging sessions) and repeated during the secretory phase of the 
menstrual cycle at visit 2 and visit 3 (averaged across two visits). Effect size for pairwise comparisons between SWE tissue stiffness is given as 

Cohen’s d. 

Site 

 

Phase 
CON   

n Depth  
(mm) 

p  
SWE  
(kPa) 

p Cohen’s d 

CA 19 
Proliferative 12.0 ± 5.8 

0.32 
 39.6 ± 22.8 

0.09 0.18 
Secretory 9.9 ± 5.0  47.7 ± 15.6 

CP 18 
Proliferative 21.5 ± 7.5 

0.66 
 75.6 ± 21.5 

0.69 0.13 
Secretory 20.7 ± 7.2  77.5 ± 25.1 

MA 18 
Proliferative 16.9 ± 5.3 

0.17 
 50.0 ± 15.6 

0.14 0.59 
Secretory 15.6 ± 6.0  41.4 ± 9.9 

MP 15 
Proliferative 24.4 ± 6.4 

0.30 
 58.6 ± 19.2 

0.80 0.14 
Secretory 26.8 ± 7.9  59.2 ± 19.1 

FU 10 
Proliferative 15.6 ± 5.2 

0.81 
 56.1 ± 17.9 

0.33 0.11 
Secretory 16.0 ± 4.7  49.5 ± 22.3 

Table 26 Characterization of uterine tissue stiffness measured in kilopascals (kPa) using shear wave elastography (SWE) in participants with no 

known uterine pathology who are (HBC) and are not (CON) using hormonal birth control. Target sites included the anterior cervix (CA), the 
posterior cervix (CP), the anterior myometrium (MA), the posterior myometrium (MP), and the fundus (FU). Depth of the target site was 

recorded for all measures. SWE and depth outcomes (mean ± standard deviation) were averaged from four (CON) or three (HBC) imaging 

sessions spaced across three (CON) or two (HBC) days of the menstrual cycle. Correlation coefficients (CC) between depth and SWE measures 
are given. 

Site n 
CON + HBC  

CC 

 

Depth  
(mm) 

SWE  
(kPa) 

 
P 

CA 32 10.9 ± 4.4 44.4 ± 18.9 
 

0.57 <0.001 
 

CP 32 19.5 ± 7.4 71.0 ± 24.9 
 

0.31 <0.001 
 

MA 30 16.0 ± 5.0 42.5 ± 11.9 
 

0.40 0.001 
 

MP 26 24.6 ± 7.0 56.0 ± 18.9 
 

0.56 0.003 
 

FU 29 16.0 ± 5.1 53.2 ± 16.7 
 

0.72 0.015 
 

 



162 
 

 
Figure 40 Tissue stiffness measured in kilopascals (kPa) using shear wave elastography (SWE) compared to the depth of the target tissue. 

Stiffness was measured at five target sites in the uterus, including the anterior cervix (CA) (A), the posterior cervix (CP) (B), the anterior 

myometrium (MA) (C), the posterior myometrium (MP) (D), and the fundus (FU) (E) and depth of target sites (mm). Measures were taken in 
participants with no known uterine pathology who are (HBC) and are not (CON) using hormonal birth control. A correlation of 1 is shown by the 

black dashed line. 
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 Discussion 
To date, our team has observed inadequate characterization of study sample demographics, 

anthropometrics, and uterus morphology for gynecological SWE reporting. To our knowledge, this is the 

first study of uterine elastography to provide a complete characterization of the study sample, including 

factors that may be relevant to gynecological tissue stiffness outcomes measured by SWE.  

 

 Reliability of SWE in the Uterus 
In line with previous findings on the reliability of SWE for a variety of populations and target tissues 

[99]–[101], [165], our data demonstrated excellent within-day reliability of measures of uterine tissue 

stiffness (0.78<ICC<0.90). This was particularly interesting as several sites (CP, MA, FU) exhibited 

significant differences in target depths between the two imaging sessions. In fact, phantom studies of 

SWE have suggested that depth of the target can decrease accuracy of SWE measurements of tissue 

stiffness in linear probes [80], [200] (Section 3). Post-hoc analysis included calculation of the 97.5% 

confidence intervals and effect sizes for target depth within-day. There was significant overlap in the 

97.5% confidence internals within-day (i.e. between sessions)  for the CP (session 1 = (0.7 mm, 33.8 

mm), session 2 = (3.8 mm, 36.1 mm), Cohen’s d = 0.32), MA (session 1 = (3.4 mm, 27.0 mm), session 2 = 

(7.2 mm, 28.3 mm), Cohen’s d = 0.45), and FU (session 1 = (3.0 mm, 26.1 mm), session 2 = (4.8 mm, 28.1 

mm), Cohen’s d = 0.35) sites and effect sizes for all sites were small to medium. Further, we used 

multiple pairwise comparisons because the power of multivariate analyses would have been negatively 

impacted by the incomplete data sets. This may have been a factor in the significant differences in depth 

across sessions. Regardless of whether depth was a significant factor in this analysis, the SWE 

endoprobe indeed yielded excellent within-day reliability across all uterine target sites investigated in 

this study. 
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In terms of between-day reliability, SWE data from all target sites in the uterus yielded good to 

excellent between-day reliability (0.65<ICC<0.87, p<0.02) except for the MA site (ICC=0.25, p=0.21) 

which has poor reliability. Pairwise comparisons of site depth and stiffness between-days revealed 

significant differences at only the CA site in terms of depth and stiffness. This finding for CA stiffness was 

of concern. Post-hoc analyses showed that the 97.5% confidence interval for CA stiffness (day 1 = (8.2 

kPa, 77.2 kPa), day 2 = (9.8 kPa, 85.8 kPa)) and depth (day 1 = (1.1 mm, 16.4 mm), day 2 = (0.2 mm, 22.0 

mm)) overlapped significantly, although the means between-days did differ. The between-day 

difference in CA depth (p=0.003) and CA stiffness (p=0.03) were both significant. Further, while the 

difference in depth between days exhibited a moderate effect size (Cohen’s d = 0.49), the difference in 

stiffness yielded a much smaller effect size (Cohen’s d = 0.28). Based on the significant moderate 

correlation between depth and stiffness at the CA site (rho = 0.57, p<0.001), it is theorized that the 

deeper positioning of the CA site on day 2 could have yielded significantly higher measures of CA tissue 

stiffness. Regardless of this finding, the between-day reliability of stiffness measures taken at the CA site 

was indeed excellent. However, the implications of this finding will be considered further here. 

Regarding the poor between-day reliability of measures of MA tissue stiffness (ICC=0.25, p=0.21), a 

retrospective review of the between-day MA data yielded 10 participants in which measures of MA 

tissue stiffness differed between-days by over 20kPa. Deviations in these cases were qualitatively 

attributed to changes in ROI placement (n = 10) with respect to the imaging probe, which was not 

observed in the other participants with complete MA data sets (n=19). Interestingly, one of the 10 cases 

exhibiting significant deviations in MA site stiffness was that of a nulliparous uterus that changed from a 

retroverted anteflexed position on day 1 to an anteverted position on day 2.  

Issues around consistency of target depth, imaging plane, and ROI placement were considered 

throughout data acquisition and processing for this study. In order to address this, data processing 

involved referencing target site data across multiple imaging sessions to ensure that the ROI placement 
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was consistent (position, depth). However, even with exceptional effort to standardize ROI placement, 

the reliability of MA stiffness measures was still poor. When these 10 cases were “cleaned” from the 

complete MA data set, mean MA tissue stiffness did not change from the complete data set for day 1 

(day 1 complete = 37.9 ± 14.0 kPa, day 1 cleaned = 35.9 ± 11.1 kPa, p = 0.60) or day 2 (day 2 complete = 

43.6 ± 14.9, day 2 cleaned = 39.7 ± 10.7, p = 0.37). Further, ICC analysis of the “cleaned” MA data set 

revealed substantially improved between-day reliability (ICC = 0.72, 95% CI = (0.32,0.89), p = 0.003, n = 

20). Thus, it appears that the SWE system may have the potential to yield good to excellent reliability at 

all target sites in the uterus, however methods to ensure consistency of ROI placement (plane of 

imaging, depth, position) must be developed and validated.  High between-day reliability is essential to 

clinical utility, if SWE imaging is to be useful for monitoring gynecological pathologies and response to 

treatment.  

 

 SWE Outcomes Across the Menstrual Cycle 
As the first study to systematically investigate the impact of phase in the menstrual cycle on SWE 

measures of uterine tissue stiffness, findings from this study will provide an essential foundation for the 

design of gynecological SWE protocols moving forward. Measures of uterine tissue stiffness exhibited no 

significant difference between phases of the menstrual cycle at any of the target sites. Further, effect 

sizes at all sites were small to moderate, suggesting substantial overlap in the distributions of each site 

between phases. This is an important first step to understanding limitations around gynecological SWE. 

However, these findings should not be generalized to pathological gynecological tissues. As an example, 

although conflicting findings have been presented in the literature [320], multiple studies have shown 

that UFs exhibit higher levels of estrogen receptor [321], [322] than unaffected uterine tissue, and may 

exhibit an enhanced response to estrogen [321], [323], [324]. As such, while no impact of the phase of 
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the menstrual cycle was seen in a sample of healthy females with no uterine pathology, it is essential 

that this result is confirmed n cases of UFs and other relevant uterine pathologies.  

 

 Target Site and SWE Stiffness 
 In terms of characterizing tissue stiffness and depths at target sites in the uterus, posterior sites 

were either trending towards significance or significantly stiffer than their anterior counterparts for both 

the cervix (CA = 44.4 ± 18.9 kPa, CP = 71.0 ± 24.9 kPa, p < 0.001) and myometrium (MA = 42.5 ± 11.9 kPa, 

MP = 56.0 ± 18.9 kPa, p = 0.064). The CP site was also significantly stiffer than all regions of the 

myometrium (MA = 42.5 ± 11.9 kPa, p < 0.001; MP = 56.0 ± 18.9 kPa, p = 0.025; FU = 53.2 ± 16.7, p = 

0.015) while the CA site was not.  

Placing these findings in the context of the literature, SWE findings of a stiffer CP compared to 

the CA aligned with previous findings in hysterectomy specimens [325], as well as qualitative estimates 

of tissue stiffness made using strain elastography [120]. Comparing measures of cervix stiffness 

presented here to those measured by Zhang et al. [121] used  the same SWE system as the current 

study, yet the mean (anterior and posterior) cervix stiffness (83.0 ± 11.9 kPa, n = 32) in their sample was 

significantly higher than both CP (CP = 71.0 ± 24.9 kPa, n = 32, p = 0.014) and CA (CA = 44.4 ± 18.9 kPa, n 

= 32, p < 0.001) stiffness in the current study. Moreover, Zhang et al.’s [121] measures of mean 

(anterior, posterior, and fundus) unaffected myometrium stiffness (69.1 ± 10.8 kPa, n = 26) were 

significantly higher than measures of MA (MA = 42.5 ± 11.9 kPa, n = 30, p < 0.001), MP (MP = 56.0 ± 18.9 

kPa, n = 26, p = 0.001), and FU (FU = 53.2 ± 16.7, n = 29, p < 0.001) stiffness observed in the current 

study’s sample. However, it appears that Zhang et al. [121] included participants in their control group 

who had pelvic pain and/or abnormal uterine bleeding, but no pathology on MRI. As well, there was a 

second study group of participants with adenomyosis and/or UFs confirmed on MRI. Yet, it is not clear 

which participants’ data were used to formulate these average measures of cervix and myometrium 
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stiffness (i.e. those with or without an MRI diagnosed uterine pathology). Thus, increased stiffness 

measured by Zhang et al. [121] could be an artifact of uterine pathologies, an artifact of the 

gynecological symptoms, or even an artifact of the probe compression required to obtain clear data in 

large, complex uteruses [121]. The only demographic data provided by Zhang et al. [121] described the 

age of the study sample (mean = 36.8 years, range = [22,52] years) and the premenopausal status of all 

participants. 

 In another investigation of gynecological SWE using the same system, Acar et al. [209] took SWE 

measurements of myometrium stiffness in participants with no gynecological symptoms and 

sonographically unremarkable uteruses. Acar et al.’s [209] acquired measures of mean myometrium 

tissue stiffness (28.3 kPa, [5%,95%] = [12.7 kPa, 59.5 kPa], n = 56) in their healthy control group. 

Assuming a normal distribution of Acar et al.’s [209] data (standard deviation = 14.2 kPa), myometrium 

stiffness measured by Acar et al. [209] was significantly lower than measures of MA (MA = 42.5 ± 11.9 

kPa, n = 30, p < 0.001), MP (MP = 56.0 ± 18.9 kPa, n = 26, p < 0.001), and FU (FU = 53.2 ± 16.7, n = 29, p < 

0.001) stiffness in the current study sample. Similar to Zhang et al. [121], the only descriptive factor of 

Acar et al.’s [209] study sample was the age of the participants (median = 30 years, [5%,95%] = [21,45] 

years). The study group appeared to be a mixture of menopausal and premenopausal participants, 

although a clear description was not provided. While no details were given around myometrium target 

site (anterior vs. posterior vs. fundus), figures from the published work suggest measures may have 

been taken primarily in the anterior myometrium. 

 In fact, our findings of significantly higher CP stiffness with respect to the CA site is consistent 

with the findings of Hernandez-Andrade et al. [120], who measured cervical stiffness in a sample of 

pregnant participants (n = 154). Hernandez-Andrade et al. [120] observed a significant difference 

between the posterior (median = 9.7 kPa, [25%,75%] = [6.8 kPa, 15.9 kPa]) and anterior (median = 5.9 

kPa, [25%,75%] = [5.1 kPa, 10.8 kPa]) cervix wall stiffness at the external os, however there was no 
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significant difference at the internal os (posterior median = 20.3 kPa, [25%,75%] = [12 kPa, 38.9 kPa]; 

anterior median = 15.9 kPa, [25%,75%] = [9.7 kPa, 41.1 kPa]). Hernandez-Andrade et al. [120] also 

measured target depth at the external os (anterior median = 8.1 mm, [25%,75%] = [6.4 mm, 9.7 mm]; 

posterior median = 19.5 mm, [25%,75%] = [17.0 mm, 22.1 mm]) and internal os (anterior median = 10.4 

mm, [25%,75%] = [8.7 mm, 12.3 mm]; posterior median = 21.9 mm, [25%,75%] = [20.4 mm, 24.4 mm]) 

for both anterior and posterior cervix sites. The study sample had a median age of 24 years ([25%,75%] = 

[21 years, 27 years]), only 21% (n = 32) of participants were nulliparous, gestational age ranged from 14 

to 29 weeks, and participants were primarily African American (92%, n = 142). In contrast, the study 

sample here was significantly older (age = 30.2 ± 6.5, p<0.001), primarily nulliparous (81%, n = 26), 

nonpregnant, and primarily white (69%, n = 22). While it is difficult to compare cervix stiffness between 

these substantially different groups, qualitatively our study group exhibited higher anterior and 

posterior cervix stiffness. While our study methods did not differentiate internal and external os for our 

CP and CA sites, the imaging researcher (CC) aimed to acquire data mid-way between the internal and 

external os. Regardless, further investigation of the relationship between age, pregnancy, and parity and 

cervix tissue stiffness is required to better understand the value of these findings. 

 

 Target Site Depth and SWE Stiffness 
In terms of target site depth, which has yet to be reported in gynecological SWE applications, the CA 

(CA = 10.9 ± 4.4 mm) site was significantly (p<0.02) shallower than all other sites, while the MP (MP = 

24.6 ± 7.0 mm) site was significantly deeper than all other sites (CP = 19.5 ± 7.4 mm, MA = 16.0 ± 5.0 

mm, FU = 16.0 ± 5.1 mm). Considering that our sample was made up of primarily anteverted uteruses (n 

= 27), these depth findings align well with the morphology of a healthy anteverted uterus (Figure 38). 

Further, target depth exhibited significant weak (CP = 0.31, MA = 0.40) or moderate (CA = 0.57, MP = 

0.56, FU = 0.72) correlated with target stiffness at all sites in the uterus.  



169 
 

 Hernandez-Andrade et al. [120] did not observe any relationship between target depth and 

target stiffness in their sample. In contrast, findings from this work and from our previous work (Section 

3) suggest that target depth may be a relevant finding moving forwards. While correlations between 

target depth and SWE stiffness were weak for the CP and MA sites, they were moderate for the MP, FU, 

and CA sites. Previous findings from a validation of endoprobe SWE in tissue mimicking phantoms 

showed a significant decrease in the validity of endoprobe SWE at target depths of 3cm and 5cm, 

compared to 1cm depths (Section 3). Moreover, endoprobe SWE at deeper target depths (3cm and 5cm) 

similarly exhibited poor validity compared to linear probe and curvilinear probe SWE at those same 

depths in homogeneous tissue mimicking phantoms (Section 3). In fact, previous studies of a variety of 

SWE probes show changes in the validity of measurements with target depth [73]–[75], [81]. In this 

study, target sites were measured at a large range of depths across participants (97.5 % confidence 

interval CA = [2.2 mm, 19.6 mm], CP = [4.9 mm, 34.0 mm], MA = [6.2 mm, 25.8 mm], MP = [10.8 mm, 

38.3 mm], FU = [6.1 mm, 25.8 mm]). In contrast, the depth of target sites in Hernandez-Andrade et al.’s 

[120] study exhibited a much smaller range at each site of interest (internal os: anterior = [8.7 mm, 12.3 

mm], posterior = [20.4 mm, 24.4 mm]; external os: anterior = [6.4 mm, 9.7 mm], posterior = [17.0 mm, 

22.1 mm]). Thus, Hernandez-Andrade et al.’s [120] sample may not have included a large enough range 

of depths to delineate a significant relationship between stiffness and target depth. Regardless, this 

work was not intended as a causative investigation of target depth and stiffness in the uterus. Until a 

systematic study of the in vivo relationship between uterine tissue target depth and stiffness is 

published, it is recommended that all studies of in vivo elastography include measures of target depth 

and check for significant relationships. 

As with any novel measurement, the importance of thorough and standardized reporting cannot be 

overstated. While it is clear that measures of uterine tissue stiffness in this study are lower than those 

presented by Zhang et al. [121] and higher than those presented by Acar et al. [209], the lack of sample 
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and uterus characterization in these studies limits our ability to perform any critical comparison. While 

phase of the menstrual cycle does not appear to influence measures of uterine stiffness made using 

SWE in healthy participants, thorough characterization of factors that may contribute to tissue stiffness, 

such as demographic/anthropometric factors (e.g. age, BMI, parity, menopausal status), factors that 

may related to gynecological pathologies (e.g. use of hormonal birth control, MBQ), and uterus features 

(e.g. volume, endometrial thickness, position) should be recorded.  

 

 Potential Confounders on Gynecological SWE 
 Some qualitative observations from the dataset may be important to future investigations. 

Retroverted and anteverted uteruses (Figure 41A and Figure 41B) exhibited different patterns of 

stiffness across target sites; anterior sites in anteverted uteruses (Figure 41B) appeared to be softer than 

those in retroverted uteruses (Figure 41A). Moreover, in one case a nulliparous uterus changed 

orientation from retroverted (Figure 41C) to anteverted (Figure 41D) between visits, yielding significant 

changes to SWE measures at various sites. While this phenomenon could be an artifact of increased 

target depth decreasing the accuracy of measures, the differences may relate to the concept often of 

residual stresses in tissue. For example, blood vessels are known to hold residual circumferential stress 

[326], thought to be an integral part of the mechanosensory feedback system [327]. Depending on the 

anatomical position of a uterus (Figure 36), aspects of the anterior and the posterior wall of the uterus 

could each be in compression or tension, holding residual stresses due to the natural curvature of the 

organ. This phenomenon has yet to be identified and systematically investigated in the literature.  

As has already been quantitatively evaluated, target depth may relate to SWE stiffness measures 

of the uterus. Moreover, we surmise that target depth also appears to impact the quality and uniformity 

of data (Figure 41E and Figure 41F). Deeper target sites tended to be more vulnerable to SWE data 

acquisition failure, as exhibited by the substantially larger number of complete data sets for the CA site 
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(shallow, n = 32) compared to the deeper MP site (n = 19). Further, although all participants were asked 

to void the bladder prior to imaging, some demonstrated a residual volume of liquid in the bladder 

(Figure 41H). Although it is well documented that positioning of the uterus is known can change with 

bladder filling [319], residual volume was not expected to be a significant factor in this case. Residual 

volume sometimes appeared to push the uterus deeper (Figure 41G) or generate pressure on the uterus 

that may have increased SWE measures of tissue stiffness.  

Participants with IUDs exhibited shadowing and high stiffness artifacts in the MP site posterior to 

the IUD. In this study, we chose to omit MP data in participants with IUDs to avoid confounding the 

characterization of “healthy” uterine tissue. However, many people with uteruses rely on IUDs as a 

method of birth control or for managing gynecological pathologies. Thus, it may be relevant to gain a 

thorough understanding of the impact of IUDs on uterine tissue stiffness. Another interesting case 

included high stiffness measures at the c-section scar in the anterior uterus of one participant. While 

tissue beyond the bounds of the scar (visualized through B-mode ultrasound) yielded measurements in 

line with the rest of the study sample, scarring from previous surgeries should be considered when 

strategizing around study recruitment and applicability of gynecological SWE.  

 

 Limitations 
As with any study, the findings presented here must be considered within the limitations of the 

work. Incomplete data sets across the multiple visits and imaging sessions were a major limitation of this 

work. In many cases, this resulted in the use of multiple pairwise comparisons, which are known to be 

vulnerable to spurious findings of significance. Another concern was the use of an SWE endoprobe that 

was indeed not rated for uses beyond depths of 3 cm (Table 2) and had been found to have decreased 

validity at depths of 3cm and beyond (Section 3). Further, it is unclear at this point whether the 

correlation between depth and tissue stiffness is an artifact of probe performance in deep tissues or in  
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Figure 41 Qualitative visualization of potential confounders: potential for residual stresses in the anterior myometrium of a retroverted uterus 
(A) compared to an anteverted uterus (B); the case of a uterus that changed from a retroverted position (C) to an anteverted position (D) between 

two visits less than 48 hours apart; issues around infill and target depth (E), compared to a shallow uniform site (F); and a bladder with residual 

volume (H) potentially confounding measures of anterior myometrium stiffness compared to the same uterus with a completely voided bladder 
(G). 

 

fact a true finding. A systematic validation of this probe in fresh human tissue could provide a bases for 

SWE imaging of deep tissues in the uterus, however, without this evidence, there are major concerns 

around the validity of stiffness measures in deep uterine tissues. This is particularly relevant for 

gynecological pathologies, which can increase the volume of the uterus and depth of the relevant target 

(A) (B) 

(C) (D) 

(E) (F) 

(G) (H) 
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sites. Homogeneity of the study sample was another area of concern. The primarily white, nulliparous, 

young (<35 years old) study sample is not representative of patients visiting gynecology clinics for the 

treatment of uterine disorders. Gynecological SWE data from more heterogeneous study samples will 

improve the characterization of “healthy” uterine tissue. 

 Conclusion 
Within- and between-day reliability of SWE measures ranged from good to excellent, except for 

those taken in the anterior myometrium. This was attributed to issues around standardization ROI 

placement at the target site over multiple visits. Development of future methodologies must address 

this issue as well in order for SWE to be a feasible tool for use in clinical settings. The phase in the 

menstrual cycle does not appear to impact SWE measures of uterine tissue stiffness. While findings did 

not suggest a causative relationship between target depth and SWE tissue stiffness, strong correlations 

between these outcomes combined with evidence from SWE phantom studies suggest that the 

relationship between target depth and SWE stiffness must be more thoroughly investigated prior to 

implementation in the study and evaluation of uterine pathologies. Finally, the findings suggest that 

uterine tissue stiffness does not appear to be homogeneous. Stiffness varied significantly between the 

anterior and posterior regions of the uterus and between the cervix and myometrium tissue. This is an 

important factor to consider moving forward, as the interaction between uterine site-dependent 

stiffnesses and pathology has not yet been identified. Further validation of gynecological SWE and more 

thorough study of potential confounding factors is recommended. 

  



174 
 

7 Discussion 

 Summary 
Although UE has been in development since the late 1980s [138], [151], [328], studies of UE are 

ubiquitous in the medical imaging literature [33], [36], [269]–[282] and it has recently seen clinical 

uptake for use in liver pathologies [64], [269], [276], [278], [283]–[287]. Yet investigations into 

gynecological applications of SWE lag far behind much more common applications such as breast and 

liver screening [270], [272], [273], [276], [277], [279], [280]. A review of the elastography validation 

literature suggested that this was in part due to a lack of validation studies for endovaginal SWE probes, 

lack of standardization around reporting, and no consideration of potential confounders. In an effort to 

enhance the base of evidence in this currently sparse field, the purpose of this thesis was to assess the 

feasibility of endoprobe SWE for in vivo assessment of uterine tissue stiffness. This systematic 

assessment of gynecological SWE feasibility will provide direction and support technological 

improvements required for desired performance of endoprobe SWE and has the potential to catalyze 

the currently sparse field of gynecological elastography. 

Phantom studies often function as the first step in demonstrating the applicability of elastography 

for a given clinical application [81], [138], [144], [169], yet only a single SWE endoprobe phantom study 

could be found in the literature [87], which exhibited many limitations. To fill this gap, the first study in 

this thesis documented the reliability and validity of endoprobe, linear probe, and curvilinear probe SWE 

at three target depths in a large sample of TMM phantoms using MTE as a criterion standard. While the 

reliability of endoprobe SWE measures of tissue stiffness was acceptable at all target depths, endoprobe 

agreement with MTE outcomes showed higher variance and weaker relationships than those same 

outcomes measured using a curvilinear and linear probe at all depths. Endoprobe performance was 

acceptable at 1cm, but degraded substantially at the 3cm target depth and at the maximum consistent 

depth condition (3.91 cm ± 0.57 cm), with SWE endoprobe estimates of TMM stiffness at 5cm exhibiting 
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no significant relationship with MTE outcomes. Further, endoprobe performance at 1cm depths was 

worse than both the linear and curvilinear probes at all target depths. In fact, the curvilinear and linear 

probe SWE exhibited excellent reliability and validity even at target depths which were outside of the 

manufacturer’s recommended parameters for clinical use.  

The second step in demonstrating the feasibility of elastography for clinical applications is the 

validation of SWE stiffness outcomes using  fresh tissues [71], [138], [246]. While quasi-static flat tip 

indentation testing is an ideal criterion standard [71], [90], [112], variable testing and modeling 

parameters in the literature [109]–[112], [114] and limited validation of soft tissue indentation [88] were 

identified as barriers to performing such a validation. Thus, the second study in this thesis documented 

the validity of quasi-static flat tip indentation testing under a variety of parameters against the criterion 

standard of ramp compression testing. Exact agreement between indentation and ramp compression 

were optimized in the low strain region of the loading curve (<10%) when using the Oliver Pharr [109] 

and at low testing rates (0.01Hz), regardless of sample geometry. High strain ranges (15% to 20%) 

yielded the lowest agreement between indentation and ramp compression testing, but agreement was 

slightly improved with larger sample geometries (Ts > 5mm) compared to smaller geometries (Ts < 

5mm). The performance of indentation model corrections in the literature was inconsistent. Yet, 

findings did indeed show strong relationships between indentation and ramp outcomes for all 

conditions, suggesting that testing parameters for characterization of soft tissue moduli can be matched 

to the relevant in vivo loading regimes as needed. 

While the second study in this thesis evaluated the validity of indentation testing, optimal 

mechanical testing parameters for validating SWE have not yet been systematically studied in the 

literature [95]. Thus, the third study in this thesis provided a systematic investigation of the agreement 

between SWE and indentation modulus under a variety of indentation parameters. Similar to the 

previous study, very strong relationships between indentation and SWE measures of the elastic modulus 
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were observed across all testing conditions and mathematical models. Regardless, lower strains (Zhai 

[172] and 2.5%-7.5%), which are thought to mimic SWE loading regimes [115], yielded the best 

agreement between SWE and indentation outcomes. Further, small sample geometries (<5mm) tested 

at the lowest testing rates (0.01Hz) also yielded optimal agreement between SWE and indentation 

testing. The Hayes-Zhang [111], [112] model yielded the lowest variance in agreement for these 

conditions, but a bias correction is recommended prior to implementation. As well, it was 

recommended that a small sample of TMM phantoms always be used to validate testing methods and 

data processing prior to fresh tissue testing. 

Finally, the last study in this thesis investigated the in vivo reliability of uterine SWE and the 

impact of phase in the menstrual cycle, target site in the uterus, and target depth on SWE outcomes. 

Within- and between day reliability ranged from good to excellent, except for target sites in the anterior 

myometrium where more robust methods of standardizing the target site may be required. The findings 

suggest that phase in the menstrual cycle does not impact SWE outcomes. However, posterior regions of 

the uterus tended to be stiffer than anterior regions, and the posterior cervix was significantly stiffer 

than all myometrium sites, where the anterior cervix was not. While the causative impacts of target 

depth on SWE measurements of uterine tissue stiffness cannot be determined based on the study 

design, significant weak to moderate correlations between target stiffness and depth suggest the need 

for future investigation. Potential confounders that were identified included uterus orientation, signal 

quality at deep targets, residual bladder volume, C-section scars, and IUDs. 

 

 Implications  

 The Utility of Endoprobe SWE for Gynecological Applications 
The in vivo study of SWE performance (Section 6) suggests the potential for utility of 

gynecological SWE, pending the development of robust methods for standardizing target and site 

further investigation around potential confounding factors, including target depth. However, when 
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viewed within the context of the first study in this thesis (Section 3), there are several considerations 

around the utility of endoprobe SWE which must be considered. Findings around validity of endoprobe 

SWE in phantoms revealed that, even at 1cm target depths, endoprobe SWE agreement with MTE was 

consistently poorer than that of linear and curvilinear probe SWE across all target depths. Endoprobe 

SWE validity degraded at the 3cm depth in phantoms, and at the 5cm target depth there was no 

significant relationship between endprobe SWE measures of stiffness and MTE outcomes, suggesting 

that endoprobe SWE may only be useful for tissues very close to the probe.  

The depth of the anterior and posterior cervix sites ranged from 2.3mm to 34.0mm, while 

anterior myometrium and fundus sites were between 6.0mm and 26.0mm deep, and posterior 

myometrium sites were between 10.9mm and 38.3 mm deep. Considering these outcomes within the 

context of Study 1 (Section 6), in homogeneous phantoms the mean difference between SWE stiffness 

and MTE ranged from -5.11 kPa to -8.23 kPa up to the maximum consistent depth condition (3.91 cm ± 

0.57 cm), the standard deviation on this difference ranged from 12.89kPa to 18.95kPa. Knowing that 

target sites in the uterus exhibited a relatively wide range of stiffness at these depths (CA = 44.4 ± 18.9 

kPa, CP = 71.0 ± 24.9 kPa, MA = 42.5 ± 11.9 kPa, MP = 56.0 ± 18.9 kPa, FU = 53.2 ± 16.7), this high 

variability in agreement between SWE and MTE becomes a concern.  

Considering the findings of two other pilot studies of SWE in uterine pathologies that used the 

same elastography system studied here (Aixplorer, SuperSonic Imagine, Aix-en-Provence, France) 

provides further context for these outcomes. Acar et al. [209] observed the SWE stiffness of 

adenomyosis lesions (median [5%,95%] = 72.7 [22.3, 274.2] kPa, n = 14), non-adenomyosis lesions (28.3 

[12.7, 59.5] kPa, n = 14), and asymptomatic myometrium tissue (24.4 [17.9, 32.4] kPa, n = 56). Similarly, 

Zhang et al. [121] compared asymptomatic cervix (mean ± STD = 83.0 ± 11.9 kPa, n = 34) and 

myometrium (69.1 ± 10.8 kPa, n = 34) stiffness measured by SWE to the stiffness of adenomyosis lesions 

(72.0 ± 18.8 kPa, n = 6) and uterine fibroid lesions (94.08 ± 18.8 kPa, n = 12). As noted previously, 
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compared to measures of unaffected myometrium stiffness in this work, Acar et al.’s [209] SWE 

measures of unaffected myometrium stiffness were significantly lower (p<0.001) and Zhang et al.’s [121] 

measures were significantly higher (p≤0.001).  

Initial concerns about the variability in SWE measures of unaffected myometrium across these 

three studies could be attributed to biological variability, however the high variance in the validity of 

endoprobe SWE could also be the source of these findings. Further, when considering  Zhang et al. [121] 

and Acar et al.’s [209] measures of lesion stiffness, the impact of these pathologies on uterus volume 

and target depth must also be considered. The presence of adenomyosis and uterine fibroids may both 

substantially increase the volume of the uterus [300], which increases the depth of the targets. Knowing 

that the depth of target measurements in uteruses with no known pathology ranged up to 38.3 mm, 

concerns around validity become even more pronounced when considering SWE for adenomyosis and 

uterine fibroids. Zhang et al. [121] noted that “…larger and more globular uteri posed subjective 

technical challenges…particularly in the more deeply positioned posterior myometrium.” Findings from 

this thesis (Section 6) indicate similar problems in healthy uteruses, but more importantly the ceiling on 

the rated depth for the SWE used in this thesis (Aixplorer, SuperSonic Imagine, Aix-en-Provence, France) 

is 3cm and SWE measures of phantom stiffness at 5cm were not valid. While the phantom sample in this 

thesis was reduced for the 5cm depth condition, at this point the combination of uterine enlargement 

that is expected with adenomyosis and/or uterine fibroids and the poor performance of SWE at 5cm 

depths may limit the clinical utility of gynecological SWE for these applications. 

 

 Quasi-static Flat-tip Indentation for SWE Validation 
Considering the findings around mechanical testing, quasi-static flat-tip indentation was shown to 

be valid under a range of testing parameters, with a clear quantification of mean differences and 

variability in agreement with ramp compression, the criterion standard. Further, indentation testing 
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outcomes showed strong agreement with SWE outcomes under a variety of testing parameter. Optimal 

testing parameters were recommended to potentially enhance the strength of these relationships in 

fresh tissue testing. In a SWE validation study focused on applications in breast tumors, Lee et al. [71] 

observed significant moderate correlations between peak stiffness (kPa) measured by SWE (SL15-4 

probe) and indentation (r=0.530, p=0.003), however no significant relationship was found in terms of 

mean (r=0.163, p=0.390) and minimum (r=0.191, p=0.312) stiffness. SWE mean, peak, and minimum 

values were measured spatially over the region of interest and the number of trials and/or frames was 

not indicated. Tissue samples were 5mm thick, the indenter diameter was 1.0mm or 2.4mm, testing rate 

was 0.001Hz, and the Oliver Pharr [109] model was applied at a strain equivalent to the tissue 

compression applied by the SWE probe in vivo (ε = 10.9% ± 1.9%). The assumed value of Poisson’s ratio 

was not given.  

Correlations between phantom indentation and SWE outcomes obtained using a linear probe in 

this thesis (mean over the region of interest, median 10 frames, mean of 3 trials) were consistently very 

strong and highly significant. Compared to the methods applied in this thesis, Lee et al. [71] applied a 

loading rate below the slowest rate applied here, which most certainly would have satisfied the quasi-

static assumption of the Oliver Pharr [109] model. Moreover, Lee et al. [71] matched the strains for 

modulus calculation to the in vivo loads applied during SWE imaging (range = [6.9%, 13.0%]). While the 

literature shows that this level of strain should not impact SWE outcomes in breast imaging [168], the 

findings in this thesis suggest that increasing the strain of modulus estimation did indeed decrease the 

quality of agreement between indentation and SWE. Further, Lee et al. [71] appeared to calculate an 

instantaneous modulus, whereas moduli in this thesis were always calculated over a strain range. 

Knowing the noise in the indentation signals observed in this study, which was similarly reported by Zhai 

et al. [172], an instantaneous estimate of strain may be less robust that the strain range method used 

here. Thus, standardization of in vivo SWE tissue compression that is in the low end of the stress-strain 
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curve (<10%), combined with the use of a strain range for calculating the elastic modulus may yield a 

more robust methodology resulting in improved agreement between SWE and indentation outcomes. 

However, the lower strength of the relationship between peak SWE stiffness and indentation reported 

by Lee et al. [71] may be due to the heterogeneity in the tissues or poor agreement between the in vivo 

tissue and the assumptions required for SWE. A more thorough quantitative analysis (i.e. Bland Altman 

analysis) and thorough presentation of Lee et al.’s [71] data set the would provide better insight into the 

quantitative nature of the agreement and possibly aid in directing the development of standardized 

testing methods moving forward.  

 

 Future Work 
While findings from this thesis suggest caution in the application of this particular SWE system 

(Aixplorer, SuperSonic Imagine, Aix-en-Provence, France) for in-vivo uterine tissue research, the 

expected stiffness profiles for adenomyotic and fibroid uteruses are still not currently well documented. 

There may also be cases of more superficially localized adenomyosis, uterine fibroids or other uterine 

pathologies in which gynecological SWE could support treatment planning. Moreover, as SWE 

technology advances to meet the needs of diagnosis and treatment planning for uterine pathologies, 

data on the mechanical properties of pathological uterine tissue will be essential for establishing the in 

vivo validity of gynecological SWE, which will, in turn, support clinical uptake. Thus, the characterization 

of pathological uterine tissue ex vivo is an essential next step in establishing the feasibility of 

gynecological SWE. Further, this thesis provides the validation of indentation testing under a variety of 

parameters and the concurrent validation of SWE and indentation to support this work moving forward.   

Different SWE measurement systems implement unique excitation sequences and incorporate 

additional features that may be more amenable to gynecological SWE. Thus, concerns around the 

validity of gynecological SWE observed in this thesis (Aixplorer, SuperSonic Imagine, Aix-en-Provence, 

France) may not translate to other systems. Future work should also aim to investigate the validity of 
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other SWE systems that apply unique excitation sequences to estimate the stiffness of gynecological 

tissues using homogeneous and heterogeneous phantoms. Looking forward, it is recommended that 

these future investigations include a wider range of target stiffnesses to better represent potential cases 

of highly stiff gynecological tissues [121], [209], which may require alternative phantom materials, such 

as those used by Cao et al. [81]. Further, future studies should aim to include adequately large sample 

sizes for characterizing SWE validity using TMM phantoms, while maintaining the thorough and 

quantitative nature of the statistical analysis provided here. Due to the decrease in SWE endoprobe 

validity metrics at each subsequent target depth and its relatively poor performance compared to the 

linear and curvilinear SWE probes, it is recommended that including target depths at 1cm intervals, 

rather than 2cm intervals, will provide a more thorough characterization of probe performance. Finally, 

knowing that the parameters for excitation sequences for endoprobe SWE (and any curved probe) are 

often automatically adjusted based on the azimuth of the region of interest with respect to the principal 

axis of the probe, SWE validation should be performed at a range of azimuth angles for each target 

depth. 

 

 Conclusion 
This thesis aimed to establish the feasibility of endoprobe SWE for use as a diagnostic and 

treatment planning tool for uterine pathologies. In the process of doing so, suitable parameters for 

mechanical validation were investigated. Quasi-static flat tip indentation testing under a variety of 

parameters was demonstrated to be a suitable criterion standard for evaluating SWE performance. The 

findings from this thesis thatendoprobe SWE is currently most suitable for gynecological tissue target 

depths at or below 3cm depths, such as the cervix or superficial endometriosis lesions. Future work 

should aim to establish technological feasibility for deeper gynecological tissues (e.g. myometrium, 

fundus, uterine fibroids). At these superficial depths, the performance of endoprobe SWE was similar to 
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that of linear and curvilinear probes for the same imaging system. These findings suggest that 

gynecological elastography may have clinical value in superficial tissues, however further development is 

required to support its use in bulky uteruses and for deep targets that occur with uterine pathology. 

Linear probe elastography has been in development since the late 1980s [138], [151], [328], yet it 

only became a recommended tool for staging liver fibrosis in Canada in 2018 [283], almost 30 years after 

the first publications on the modality [328]. Knowing that the development and research of 

gynecological elastography often lags behind more common applications, the performance data for 

gynecological elastography in superficial tissues is an impressive achievement at this stage of 

technological development. This thesis provides key contributions to the evidence that was provided for 

liver elastography prior to clinical adoption: a robust quantification of performance of a state-of-the-art 

SWE system and recommended tools for future validation efforts. Looking forward, as the technological 

capacity of endoprobe SWE advances to match the ambitious goals of the clinical researchers who aim 

to use it to improve the quality of care for gynecological pathologies, this work shows the limitations of 

the current technology, and of validation methods, and provides a roadmap to support clinical adoption 

in the future.  
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9 Appendices 

 Medical Imaging: Current Diagnosis and Characterization of Uterine Fibroids 

While an experienced physician may be able to detect UFs and even accurately measure uterus 

size using bimanual palpation [123], visualization by medical imaging is required to diagnose UFs and to 

characterize the number, size, and position of UFs in the uterus. In the case of a woman presenting with 

symptoms characteristic of UFs [1], [2], [12], [341], [342], USI is the primary diagnostic imaging modality 

due to its availability, affordability, and ease of use [4], [362]. Depending on the size, number, and 

position of UFs in the uterus, more than 20% of UFs may remain undetected on USI [438]–[440].  As 

such, other imaging modalities have been applied to UFs including saline infused sonohysterography 

(SIS), hysteroscopy, and magnetic resonance imaging (MRI). 

 

9.1.1.1 Classifying Uterine Fibroids by Medical Imaging 

UFs tumors can be found anywhere in the myometrium [347] and are clinically classified 

according to position and size on medical imaging [4], [16], [17]. The International Federation of 

Gynecology (FIGO) classification system is the standard method for classifying UFs and uses a 0 to 8 

integer scale to describe position in the uterus (Figure 42) [368]. A FIGO 0 UF is pedunculated into the 

uterine cavity, while a FIGO 8 UF is pedunculated off the uterine serosa. FIGO 2 through FIGO 7 UFs are 

scored by their relationship to the endometrium, myometrium and uterine serosa according to Figure 42 

[368]. Submucosal UFs (FIGO 0, 1, 2) are the least common types of UFs, accounting for only 5% of UFs 

[340], [361], but are more likely to cause symptoms, due to their relationship to the endometrium [441], 

[442]. Intramural UFs (FIGO 3, 4, 5) are the most common types of UFs and are asymptomatic in many 

cases [340], [360]. Subserosal (FIGO 6, 7) UFs are below the uterine serosa, but project out of the uterus 

into the abdominal cavity, which can deform the shape of the uterus on medical imaging. Subserosal UFs 
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are often asymptomatic [361]; however they may become symptomatic if they obstruct adjacent organs 

or become pedunculated [360].  

 
Figure 42 International Federation of Gynecology and Obstetrics (FIGO) classification of uterine fibroids by position in the myometrium with 

respect to the endometrium and serosa, as well as position in the uterus. Adapted with permission from [16], [368]. © 2011 John Wiley and Sons 

 

Clinically, UFs are also described by size, where anteroposterior (𝑑𝑎), transverse (𝑑𝑡), and 

longitudinal (𝑑𝑙) diameters are recorded, though sometimes only the maximum of these three 

diameters is used as a metric for tracking cases over time [381], [409], [443]. As well, the volume of a UF 

alone or volume of the uterus as a whole is often recorded [22], [23], [446], [447], [308], [309], [372], 

[381], [409], [443]–[445], using an ellipsoidal volume calculation (𝑉 =
𝜋

6
𝑑𝑎𝑑𝑡𝑑𝑙) (Figure 43). While the 

size and position of UFs in the uterus are important factors [292], they are less useful for differentiating 

cases that might better respond to less invasive treatments, such as medical therapy. 

 
Figure 43 Measuring the volume of a myomatous uterus from MRI in the (a) sagittal and (b) transverse plane, where S is the longitudinal 

diameter, L is the anteroposterior diameter, and LR is the transverse diameter. Reproduced with permission from [447]. 
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9.1.1.2 Ultrasound Imaging of Uterine Fibroids 

USI refers to the use of ultrasonic energy to visualize the tissues in the body. Typically two to 

three ultrasound pulses are transmitted by the USI probe; as the pulses propagate through the tissue, 

they are attenuated due to absorption and scattering of the ultrasound energy. The pulses, which have 

been reflected back and backscattered from tissue and interfaces, are used to build an ultrasound 

image. UFs on USI are generally visible by irregularity in the uterine contour (76%), enlargement of the 

uterus (68%), and/or altered echo texture with respect to the myometrium (66%) [440]. The appearance 

of the UF tumors themselves is dependent on the ratio of fibrous tissue to smooth muscle and on any 

types of degeneration that are present [362]. On USI, UFs may be isoechoic with the myometrium [360] 

or have a hyperechoic border surrounding a heterogeneous region containing isoechoic, hyperechoic, 

and/or hypoechoic foci [360], [362].  

Degeneration of UFs can alter echo appearance on USI. Degeneration usually yields a mixed 

heterogeneous echo pattern in UFs on USI [448]–[450]. Regions of calcification, hyalinization, or higher 

density tissue can yield hyperechoic foci with shadowing [360], [362], [448], [451], though hyperechoic 

appearance on USI has also been associated with lipoleiomyoma [360], [448]. Regions of cystic 

degeneration can appear as heterogeneous and hypo- or anechoic [56], [449], [451]–[453]. Regions of 

edema, hemorrhage, and necrosis increase heterogeneity on USI [360], [362]. The increased water 

content associated with these types of degeneration may also yield hypo- or anechoic regions; however, 

hypo- and anechoic appearances are also attributed to dilated lymphatic or blood vessels [360]. It is not 

known whether coagulative red degeneration will appear differently to hemorrhagic infarction on USI.  

In a sample of 106 premenopausal women, Dueholm et al. [439] found that USI yielded 99% 

sensitivity and 91% specificity for diagnosing UFs, with pathology as a gold standard. Using a 

combination of methods as a gold standard (e.g. hysteroscopy, pathology, or “clinical survey”), two 

independent studies of USI for diagnosing UFs found sensitivity and specificity ranged from 53% to 85% 
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and 79% to 99%, respectively [438], [454], [455]. Further, a meta-analysis of nine USI studies with 

substantial heterogeneity expanded these ranges further, finding that sensitivity and specificity of USI 

for diagnosis of UFs could range from 21%-100% and 53%-100%, respectively [456]. USI is clearly an 

excellent tool for diagnosis and treatment planning in cases of symptomatic UFs; however, USI is purely 

a visualization tool and provides no information on potential suitability for less invasive treatment, such 

as medical therapy. 
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 Review of Material Properties 
 

 Linear Elastic Materials 

The mechanical properties of a material are generally derived from a material’s response to 

external loading. In the case of linear elasticity, the stress (σ) applied to a material is defined as the ratio 

of average force applied to the surface of a material (F) along some axis over the undeformed cross-

sectional area (A0) of the material transverse to the axis of loading (Equation 20).  

 𝜎 =
𝐹

𝐴0
 (20) 

If the stress applied to a material has a component coplanar with the material’s surface, the component 

of the stress that is coplanar with the material’s surface is referred to as shear stress (τ) or simple shear 

(Figure 44a), while the stress component perpendicular to the material surface is termed normal stress 

(Figure 45). An element within a material sample may also experience pure shear under axial 

compression (Figure 44b&c). 

 

 

Figure 44 Simple shear caused by a force (black arrow) on an undeformed material cross-section (dotted rectangle) that is coplanar with the 

materials surface and results in a deformed (solid trapezoid) cross-section (a).The shear strain in the case of simple shear in (a) is the ratio of the 
deformation along the axis of the shear stress (Δy) over the length of the surface where the stress was applied (x0).  Pure shear is caused by a 

force (black arrow) distributed across the surface of an undeformed material cross-section (dotted rectangle) and results in axial compression 

(solid rectangle) of the material cross section (b). While (b) appears to be a case of normal stress, the shearing action of the applied load is 
revealed by observing the deformation of a diamond element in (b), which has a different shape than the material sample. The pure shear is more 

Δy 

xo 

γ 
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readily visualized by rotating the scenario 45 degrees and observing how the undeformed diamond (finely dotted rectangle) experiences shear 
and yields a deformed cross section (solid trapezoid), while the overall material sample is subject to a volumetric compression. Reproduced with 

permission from [47]. © Georg Thieme Verlag KG 

 

The strain (ε) that a material experiences along an axis is the ratio of the change in length (i.e. 

deformation) along that axis (Δx) over the undeformed length of that material along that axis (x0; 

Equation 21; Figure 45). On the other hand, shear strain (γ) is the strain caused by shear stress, 

visualized in (Figure 44a). Shear strain may be defined as the angular deformation of a body (Figure 44a). 

Alternatively, the tangent of the shear strain may be defined as the ratio of the deformation along the 

axis of the shear stress (Δy) over the length of the surface to which the stress was applied (x0) (Equation 

22).  

 

Figure 45 A material subject to strain along an axis (e.g. compression along the x-axis) will respond with some of strain along the perpendicular 

axis (e.g. expansion along the y-axis), the magnitude of which is determined by the material’s Poisson’s ratio. 

 

 𝜀𝑥 =
∆𝑥

𝑥0
 (21) 

 tan (γ) =
∆𝑦

𝑥0
 (22) 

 

Isotropic materials are those which exhibit identical mechanical properties in all directions. 

When an isotropic material is strained along an axis (dεx; e.g. compression along the x-axis), in response 

it will exhibit strain along the perpendicular axes (dεy; dεz; e.g. expansion along the z-axis and y-axis), the 

magnitude and direction of which is determined by the Poisson’s ratio (ν) of the material [528] 

(Equation 23; Figure 45). The Poisson’s ratio can range from ν=0 (compressible) to ν=0.5 

(incompressible) and most soft tissues are assumed to have 0.45<ν<0.50 [127], [529]. 

x 

y 
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 ν = −
𝑑𝜀𝑦

𝑑𝜀𝑥
= −

𝑑𝜀𝑧

𝑑𝜀𝑥
 (23) 

 

Linear elastic materials are those materials which exhibit a linear relationship between stress 

and strain, independent of time (or frequency). The stress-strain relationship for a linear elastic, 

isotropic material can then be quantified using one of three inter-related moduli: the Young’s modulus 

(E), the shear modulus (G), or the bulk modulus (K) [127]. The Young’s modulus (a.k.a. elastic modulus) 

for a linear elastic, isotropic material is defined as the ratio of stress to strain (Equation 24) [127]. The 

shear modulus, or modulus of rigidity, is the ratio of shear stress to shear strain and can also be defined 

in terms of the Young’s modulus and Poisson’s ratio for a linear elastic, isotropic material (Equation 25) 

[127]. The bulk modulus of a linear elastic, isotropic material describes resistance to compression and is 

defined using the Young’s modulus and the Poisson’s ratio (Equation 26) [127].  

 𝐸 =
𝜎

𝜀
 (24) 

 𝐺 =
𝜏

tan (γ)
=

𝐸

2(1 + ν)
 (25) 

 𝐾 =
𝐸

3(1 − 2ν)
 (26) 

It should be noted here that, for incompressible materials (ν=0.5) the shear modulus will be equal to 1/3 

of the Young’s modulus. However, for incompressible materials, the bulk modulus approaches infinity. 

Experimentally, all materials are compressible and the bulk modulus is finite, meaning that the Poisson’s 

ratio can never truly be 0.5 [530].  
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 Wave Propagation in Soft Tissues 

The propagation of waves in soft tissue is related to the mechanical properties of those tissues. 

The two types of waves most relevant to SWE are longitudinal waves (pressure waves, p-waves) and 

shear waves (s-waves, transverse waves). Longitudinal waves involve a transfer of pressure and density 

between tissue elements and particle motion occurs along the axis of wave propagation (Figure 46a). 

Shear wave propagation involves the transfer of shear force and deformation between tissue elements 

and particle motion occurs perpendicular to the axis of wave propagation (Figure 46b).  

 

 

Figure 46 Longitudinal waves involve a transfer of pressure and density between tissue elements and particle motion occurs along the axis of 

wave propagation (a). Shear waves propagate involve transfers of shear force and deformation between tissue elements and particle motion 
occurs perpendicular to the axis of wave propagation (b). Reproduced with permission from [47]. © Georg Thieme Verlag KG 

 

Ultrasound imaging uses the characteristics of transmitted and received sound (longitudinal) 

waves, at frequencies above human hearing (20kHz), to visualize the soft tissues in the body. The speed 

of sound waves (cl) in soft tissue is a factor of the tissue density (ρ), the bulk modulus (K), and the shear 

modulus (G). However, in soft tissues K>>G (K~Gx106) so the speed of sound in soft tissues is treated as 

a function of the bulk modulus and density alone (Equation 27). The speed of sound in soft tissues is 

approximately 1540m/s [47]. In contrast, SWE relates shear wave velocity (cs) to the mechanical 

properties of soft tissues, where the speed of shear waves in soft tissue is a function of the density and 
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the shear modulus (Equation 28). Shear wave speed in soft tissue generally ranges between 1m/s and 

10m/s [47].  

 𝑐𝑙 = √
1

𝜌
(𝐾 +

4

3
𝐺)  ~ √

𝐾

𝜌
 (27) 

 𝑐𝑠 ~√
𝐺

𝜌
 = √

𝐸

2𝜌(1 + 𝑣)
 (28) 

 

From these definitions, it becomes apparent that the mechanical properties of the tissue are in 

fact the reason that UE is possible. Quasi-static tissue deformation during strain imaging can be 

visualized using USI. Although SWE employs transient excitation, because K>>G and similarly cl>cs 

(cl~csx103), USI is still capable of visualizing shear waves propagating in the tissue during SWE. 

Moreover, the bulk modulus is fairly constant in all soft tissues, with only about 12% variability, while 

the shear modulus of soft tissue can vary by a factor of 105 [47]. This variability of the shear modulus in 

soft tissue allows for the possibility of much higher contrast between tissues of differing stiffness. 

However, shear viscosity causes high frequencies shear waves (>kHz) to attenuate rapidly in soft tissue 

[47], [191]. While higher frequency shear waves are required to yield effective spatial resolution, this 

rapid attenuation of high frequency waves means that only shallower depths can be imaged [531]. This 

results in a tradeoff between depth of target and resolution. 
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 CellScale BioTester Resolution and Noise Floor 
The resolution of the CellScale BioTester (CellScale, Waterloo, Canada) calculated for the 13 bit 

ADC and the 500 gram (4.905 N) load cell. The detectable voltage is +/- 300 mV. The calibration factor is 

25 mV/V and 5 V excitation is used, so the system reaches 125 mV at full scale. Thus the percentage of 

the maximum range being used is 
125𝑚𝑉

600𝑚𝑉
 or 20.83%. While the total number of steps available is 213 or 

8192 steps, with only 20.83% of the maximum range being used, there are 1706 steps used for digital 

conversion. The resolution of the system can then be calculated as to be 5.74 mN, as seen in the 

expression below. 

𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =
𝐿𝑜𝑎𝑑 𝐶𝑒𝑙𝑙 𝑅𝑎𝑛𝑔𝑒

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑆𝑡𝑒𝑝𝑠
=

±4905𝑚𝑁

1706 𝑠𝑡𝑒𝑝𝑠
=

9810𝑚𝑁

1706 𝑠𝑡𝑒𝑝𝑠
= 5.74𝑚𝑁 

 The noise floor of the CellScale Biotester (CellScale, Waterloo, Canada) was calculated by 

applying a constant load to the system. Data was acquired for approximately 30 seconds (Figure 47a), 

the loading bias was removed from the signal (Figure 47b), and the noise floor of the system was 

calculated, as the root mean square (RMS) error of the bias removed signal, to be 3.45mN. 

 

Figure 47 In order to calculate the noise floor of the CellScale Biotester (CellScale, Waterloo, Canada), the system was brought to a constant 

load and then load data was acquired for approximately 30 seconds (a). The bias from the loading on the signal was removed (b) and the noise 

floor was calculated as the root mean square error of the bias removed signal. 

  



222 
 

 University of Ottawa Research Ethics  Board Certificate of Approval 

 



223 
 

 Telephone Recruitment and Screening Script 
 

Hello.   

This is [Name of Research Team Member] calling from the Ottawa Hospital. I am conducting a 

research study that will evaluate the potential for ultrasound to measure tissue stiffness of the 

uterus. Findings will be used to improve diagnosis and management for fibroids. You are being 

contacted because you are scheduled for [hysterectomy or removal of fibroids]. Participation in 

this study is voluntary.  

Are you interested in hearing more about the study and your involvement as a potential 

participant?  

  [If no, thank the participant for their time and consideration.] 

  [If yes, continue with script] 

The study requires participants to attend [one or two] ultrasound imaging sessions at the 

University of Ottawa prior to your surgery. Each session will take approximately 60 minutes 

total to complete. We will reimburse you for any costs incurred for parking on site or public 

transportation. 

At the ultrasound imaging session you will have ultrasound scan performed. For this, an 

ultrasound wand will be inserted into your vagina while you are lying down on you back on an 

ultrasound table. Stiffness of your uterus and fibroids will be measured using a special 

ultrasound setting called shear wave elastography. You will be allowed to take a break or stop at 

any time during the session.  

We will also be collecting samples from the tissues removed during your surgery which will be 

tested in a machine that measures stiffness. The stiffness measured in the ultrasound will be 

compared to the stiffness measured by the machine. Additional personal health information from 
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your medical records including your medical history, referring diagnosis, procedures had (if 

any), and pathology report after surgery will also be collected.  

If you are interested in participating we will set up a time that is convenient for you to come to 

our lab at the University of Ottawa. Upon arrival at the lab you will be met by a member of our 

research team and be provided with an Informed Consent Form. You will be given as much time 

as you like to review the consent form and ask any questions or address any concerns you may 

have. We can also send you a full consent form before your first scheduled session to review at 

your convenience. After you have reviewed the consent form, we will ask you again if you are 

still willing to participate in the study. If you still agree then we will get you to sign the Informed 

Consent form. No data or personal information will be recorded until you have signed the 

Informed Consent form.  

Do you agree to participate in this study knowing that you can withdraw at any point with no 

consequences to you?  

[If yes, schedule a meeting date and thank the participant for their time.] 

[If no, thank the participant for their time and consideration.] 
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 Control and Asymptomatic Fibroid Groups Letter of Information and Informed 

Consent 
 

Title of Study: Characterization of tissue stiffness to improve the diagnosis and management of 

uterine fibroids.  

 

Principal Investigator (PI)   

Sukhbir S. Singh, MD, FRCSC 

 

 

 

 

 

Co-Investigators (Co-I)   

Vincent della Zazzera, MD, FRCSC 

 

 

 

 

 

Linda McLean, PT, PHD 

 

Michel Labrosse, PhD, PEng 

 

Teresa Flaxman, PhD 

 

 

 

 

 

Catorina Czyrnyj, PhD (c) 

 

Sarah Strickland, MD, FRCPC,  

 

Sponsor:  The Ottawa Hospital Research Institute  

 

Participation in this study is voluntary. Please read through this Participant Informed Consent 

Form carefully before you decide if you would like to participate. Ask as many questions as you 

like. We encourage you to discuss your options with family, friends or your healthcare team.   

  

Why am I being given this form?  

You are being asked to participate in this research study because you are a healthy woman, aged 

at least 18 years old, have regular menstrual cycles, and have no gynecological medical history.   

Why is this study being done? 

Uterine fibroids are the most common gynecological condition, with prevalence up to 70% in 

premenopausal women. Up to 50% of women with uterine fibroids experience symptoms such as 

heavy menstrual cycles, increased abdominal pressure, and infertility.   

 

Currently, transvaginal ultrasound is the standard method for diagnosing uterine fibroids and 

identifying the number, size and location of the fibroids. However, there are different types of 

fibroids that cannot be differentiated with ultrasound. Knowledge of a patient’s fibroid type can 

help physicians decide the best treatment. The different fibroid types can be classified according 

to their stiffness because they range from very hard to very soft. A new transvaginal ultrasound 
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technology, called shear wave elastography, was developed to measure tissue stiffness but it has 

not been used clinically in gynecology. The ability to reliably and accurately measure uterine 

tissue and fibroid stiffness with shear wave elastography is unknown. It is however approved by 

Health Canada for use and is currently used to screen for breast cancer and liver cirrhosis. 

 

The goal of this study is to evaluate stiffness characteristics of healthy uterine tissue and 

uterine fibroids. We will also determine if stiffness characteristics can be used to classify the 

different types of uterine fibroids.   

 

Furthermore, the effect of the following on uterine tissue stiffness is unknown: 

- Age 

- History of pregnancy 

- Use of contraception 

- The presence of fibroids on stiffness of the unaffected uterine tissue 

- Use of medication specific for management symptoms associated with uterine fibroids 

 

Data from healthy participants will be compared to participants with uterine fibroids to better 

understand these relationships. Findings from this study will contribute to a future research study 

to determine if shear wave elastography can improve the diagnosis and monitoring of uterine 

fibroids such that physicians make more informed medical and surgical management decisions. 

 

What is expected of me? 

If you choose to participate you will take part in two ultrasound imaging sessions at the 

University of Ottawa, spaced 2-3 days apart. Each session will take approximately 60 minutes to 

complete and will be conducted at a time convenient to you. The ultrasound imaging sessions 

will involve an ultrasound wand being inserted into your vagina while you are lying on your 

back on an ultrasound table. Stiffness of your uterus will be measured using several ultrasound 

settings. The ultrasound procedures will be the same at each session. At the first ultrasound 

imaging session, you will also be asked to complete a set of questionnaires about your medical 

history, current symptoms (if any), and quality of life. The questionnaires will take 

approximately 15 minutes to complete. Some of these questionnaires will be available in English 

only. 

The transvaginal ultrasounds will be performed in a private room at the Motor Function and 

Movement Laboratory at the University of Ottawa by Physiotherapist, Linda MacLean and/or 

her student, Catorina Czyrnyj, who have both been trained on the procedure.  

We estimate that 90 participants will be enrolled in this study, including 60 healthy volunteers 

from The Ottawa Hospital and the University of Ottawa. 

 

Will my research data be used in future research? 

Your research data will be de-identified and securely stored at the Ottawa Hospital for 10 years. 

Only de-identified data will be used in future research projects relating to uterine fibroids. All 

future research conducted with your data will be approved by a Research Ethics Board before it 

begins.    
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How long will I be involved in the study? 

The entire study will last approximately 2 years. Your participation in the study will be 

completed once you complete the two ultrasound imaging sessions. 

 

What are the potential risks I may experience?  

The risks involved in participating in this study are minimal.  

There is a risk of distress from the ultrasound imaging session: a slender transducer of the 

ultrasound device is inserted into the vagina, thus depicting the pelvic organs. The ultrasound 

examination through the vagina is not painful; it has no more impact than any gynecological 

examination. If you have experienced discomfort during a recent gynecological exam, then you 

should decline to participate in this study. To date, there have been no descriptions of biological 

effects on women who have been examined by diagnostic ultrasound. The ultrasound imaging 

session will be performed in private and towels will be draped over the lower half of your body 

for privacy. 

 

There is also a risk that the questionnaires/scales might be upsetting or distressing as the 

questions asked can be very personal and uncomfortable. You might not like all of the questions 

that they are asked. You do not have to complete the questions if you do not want to. The 

questionnaires will be completed in private, which may minimize the risk of distress.  

 

During the study, the researchers may learn something about you that they did not expect. For 

example, the imaging may show a suspected abnormality of the uterus. If this occurs, you will be 

informed and advised to make an appointment with your family doctor for follow-up.  

 

Participation in the ultrasound imaging sessions may be inconvenient because it will involve two 

sessions that take approximately 60 minutes each to complete. 

 

If you become distressed at any time during the experimental session, you can stop participation 

at any time and/or you can be referred to an applicable medical professional for help. You can 

also withdraw from the study at any time. 

Can I expect to benefit from participating in this research study? 

You will not receive any direct benefit from your participation in this study.  Your participation 

may benefit future patients by allowing researchers to classify uterine fibroids based on their 

stiffness to improve health management options.  

 

Do I have to participate? What alternatives do I have? If I agree now, can I change my 

mind and withdraw later? 

Your participation in this study is voluntary. The alternative to this study is not to 

participate. You may decide not to be in this study, or to be in the study now, and then change 

your mind later.  

If you withdraw your consent, the study team will no longer collect your personal health or 

identifying information for research purposes.  Information collected before your withdrawal will 

be removed from the study. 

 

What compensation will I receive if I am injured or become ill in this study? 
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In the event of a study-related injury or illness, you will be provided with appropriate medical 

treatment and care.  Financial compensation for lost wages, disability or discomfort due to an 

injury or illness is not generally available.  You are not waiving any of your legal rights by 

agreeing to participate in this study.  The study doctor, the Ottawa Hospital, the University of 

Ottawa, and The Ottawa Hospital Research Institute still have their legal and professional 

responsibilities.  

 

Will I be paid for my participation or will there be any additional costs to me?  

You will not be paid for your participation. Costs for parking at the University of Ottawa or 

public transportation costs will be reimbursed, with receipt. There will be no additional costs to 

you. 

 

How is my personal information being protected? 

• If you decide to participate in this study, the investigator(s) and study staff will look at your 

personal health information and collect only the information they need for this study. 

“Personal health information” is health information about you that could identify you 

because it includes information such as your name, address, telephone number, date of birth, 

and your reported medical history.  

• Information that identifies you will be released only if it is required by law.  

• All information collected during your participation in this study will be identified with a 

unique study number (for example participant # AB01), and will not contain information that 

identifies you.   

• With the exception of this consent form, which will contain your name and will be securely 

brought to The Ottawa Hospital for storage, documents leaving University of Ottawa will 

only contain the coded study number.  

• Documents leaving The Ottawa Hospital will only contain the coded study number. 

• Data will be stored under password protection at The Ottawa Hospital and the University of 

Ottawa.  

• A Master List provides the link between your identifying information and the coded study 

number. This list will only be available to Dr. Singh and his research staff and will not leave 

The Ottawa Hospital. The Master List and coded study records will be password protected 

and stored securely.  

• For audit purposes only, your original study and medical records may be reviewed under the 

supervision of  Dr. Singh’s staff by representatives from: 

o The Ottawa Health Science Network Research Ethics Board (OHSN-REB), the 

Ottawa Hospital Research Institute, the University of Ottawa Research Ethics Board 

(UO-REB), and the University of Ottawa. 

• You will not be identified in any publications or presentations resulting from this study. 

• Research records will be kept for 10 years, as required by the OHSN-REB and the UO-REB. 

• At the end of the storage time, all paper records will be shredded and all electronic records 

will be securely deleted.   

 

A description of this clinical trial will be available on http://www.ClinicalTrials.gov. This Web 

site will not include information that can identify you.  At most, the Web site will include a 

summary of the results. You can search this Web site at any time. 

 

http://www.clinicaltrials.gov/
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This research study can be found on the above listed website by using the clinical trial 

registration number NCT03369600. 

 

 

Do the investigators have any conflicts of interest? 

There are no conflicts of interest to declare related to this study.  

 

Who do I contact if I have any further questions?  

If you have any questions about this study, or if you feel that you have experienced a study-

related injury or illness, please contact the study staff at (613) 738-8400 ext 81733; 

MISgyneresearch@toh.ca or any of the investigators listed on the first page of this form. 

 

The Ottawa Health Science Network Research Ethics Board (OHSN-REB) and the University of 

Ottawa Research Ethics Board (UO-REB) has reviewed the plans for this research study.  The 

Boards consider the ethical aspects of all research studies involving human participants at the 

Ottawa Hospital and the University of Ottawa.  If you have any questions about your rights as a 

study participant, you may contact the Chairpersons of OHSN-REB at (613)798-5555 ext 16719 

or the UO-REB at (613)562-5387. 

  

mailto:MISgyneresearch@toh.ca
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Consent to Participate in Research 

 

Title of Study: Characterization of tissue stiffness to improve the diagnosis and management of 

uterine fibroids.  

 

• I understand that I am being asked to participate in a research study that will evaluate tissue 

stiffness of uterine tissue and fibroids in women. 

• This study was explained to me by ___________________________.  

• I have read, or someone has read to me, each page of this Participant Informed Consent Form.   

• All of my questions have been answered to my satisfaction.   

• If I decide later that I would like to withdraw my participation and/or consent from the study, 

I can do so at any time. 

• I voluntarily agree to participate in this study. 

• I will be given a copy of this signed Participant Informed Consent Form. 

 

 

 

 

_____________________________   ______________________________   _________ 

Participant’s Printed Name               Participant’s Signature                    Date 

 

 

 

 

Investigator or Delegate Statement  

I have carefully explained the study to the study participant.  To the best of my knowledge, the 

participant understands the nature, demands, risks and benefits involved in taking part in this 

study.   

 

 

 

 

_____________________________   ______________________________   _________ 

Investigator’s Printed Name               Investigator’s Signature                    Date 
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 Symptomatic Fibroid Group Letter of Information and Informed Consent 
 

Title of Study: Characterization of tissue stiffness to improve the diagnosis and management of 

uterine fibroids.  

 

Principal Investigator (PI)   

Sukhbir S. Singh, MD, FRCSC 

 

 

 

 

 

Co-Investigators (Co-I)   

Vincent della Zazzera, MD, FRCSC 

 

Linda McLean, PT, PHD 

 

Michel Labrosse, PhD, PEng 

 

 

 

 

 

Teresa Flaxman, PhD 

 

Catorina Czyrnyj, PhD Candidate 

 

 

 

 

 

 

Sponsor:  The Ottawa Hospital Research Institute  

 

Participation in this study is voluntary. Please read through this Participant Informed Consent 

Form carefully before you decide if you would like to participate. Ask as many questions as you 

like. We encourage you to discuss your options with family, friends or your healthcare team.   

  

Why am I being given this form?  

You are being asked to participate in this research study because you are a woman who is 

scheduled for surgery for uterine fibroids at The Ottawa Hospital.  

Why is this study being done? 

Uterine fibroids are the most common gynecological condition, with prevalence up to 70% in 

premenopausal women. Up to 50% of women with uterine fibroids experience symptoms such as 

heavy menstrual cycles, increased abdominal pressure, and infertility.   
 

Currently, transvaginal ultrasound is the standard method for diagnosing uterine fibroids and 

identifying the number, size and location of the fibroids. However, there are different types of 

fibroids that cannot be differentiated with ultrasound. Knowledge of a patient’s fibroid type can 

help physicians decide the best treatment. The different fibroid types can be classified according 

to their stiffness because they range from very hard to very soft. A new transvaginal ultrasound 

technology, called shear wave elastography, was developed to measure tissue stiffness but it has 

not been used clinically in gynecology. The ability to reliably and accurately measure uterine 
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tissue and fibroid stiffness with shear wave elastography is unknown. It is however approved by 

Health Canada for use and is currently used to screen for breast cancer and liver cirrhosis.  

 

The goal of this study is to evaluate stiffness characteristics of healthy uterine tissue and 

uterine fibroids. We will also determine if stiffness characteristics can be used to classify the 

different types of uterine fibroids.  

 

Furthermore, the effect of the following on uterine tissue stiffness is unknown: 

- Age 

- History of pregnancy 

- Use of contraception 

- The presence of fibroids on stiffness of the unaffected uterine tissue 

- Use of medication specific for management symptoms associated with uterine fibroids 

 

Data from participants with uterine fibroids will be compared to participants without uterine 

fibroids to better understand these relationships. Findings from this study will contribute to a 

future research study to determine if shear wave elastography can improve the diagnosis and 

monitoring of uterine fibroids such that physicians make more informed medical and surgical 

management decisions. 

 

What is expected of me? 

If you choose to participate you will take part two ultrasound imaging sessions at the University 

of Ottawa within two weeks of your planned surgery, spaced 2-3 days apart. Each session will 

take approximately 60 minutes to complete and will be conducted at a time convenient to you. 

The ultrasound imaging sessions will involve an ultrasound wand being inserted into your vagina 

while you are lying on your back on an ultrasound table. Stiffness of your uterus and fibroids 

will be measured using several ultrasound settings. The ultrasound procedures will be the same 

at each session. At the first ultrasound imaging session, you will also be asked to complete a set 

of questionnaires about your medical history, current symptoms, and quality of life. The 

questionnaires will take approximately 15 minutes to complete. Some of these questionnaires 

will be available in English only. 

If you received a magnetic resonance imaging (MRI) scan of the pelvis within the past 12 

months, then your de-identified images will also be used for study purposes.   

The transvaginal ultrasounds will be performed in a private room at the Motor Function and 

Movement Laboratory at the University of Ottawa by Physiotherapist, Linda MacLean and/or 

her student, Catorina Czyrnyj, who have both been trained on the procedure.  

We will also be collecting tissue samples from your uterus and fibroids that were removed 

during surgery and that would normally have been discarded. These samples will be tested in a 

machine that measures stiffness. The stiffness measured in the ultrasound will be compared to 

the stiffness measured by the machine. Additional personal health information from your 
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medical records including your medical history, referring diagnosis, procedures had (if any), and 

pathology report after surgery will also be collected.  

We estimate that 90 participants will be enrolled in this study, including 30 participants with 

uterine fibroids from The Ottawa Hospital.  

 

Will my research data be used in future research? 

Your research data will be de-identified and securely stored at the Ottawa Hospital for 10 years. 

Only de-identified data will be used in future research projects relating to uterine fibroids. All 

future research conducted with your data will be approved by a Research Ethics Board before it 

begins.    

 

How long will I be involved in the study? 

The entire study will last approximately 2 years. Your participation in the study will be 

completed once you have your standard of care surgery.  

 

Your participation in the study may be stopped for any of the following reasons: 

• The study doctor feels it is in your best interest.  

• You no longer wish to take part in the study.  

 

What are the potential risks I may experience?  

The risks involved in participating in this study are minimal.  

 

There is a risk of distress from the ultrasound imaging session: a slender transducer of the 

ultrasound device is inserted into the vagina, thus depicting the pelvic organs. The ultrasound 

examination through the vagina is not painful; it has no more impact than any gynecological 

examination. If you have experienced discomfort during a recent gynecological exam, then you 

should decline to participate in this study. To date, there have been no descriptions of biological 

effects on women who have been examined by diagnostic ultrasound. The ultrasound imaging 

session will be performed in private and towels will be draped over the lower half of your body 

for privacy. 

 

There is also a risk that the questionnaires/scales might be upsetting or distressing as the 

questions asked can be very personal and uncomfortable. You might not like all of the questions 

that they are asked. You do not have to complete the questions if you do not want to. The 

questionnaires will be completed in private, which may minimize the risk of distress.  

 

There is a small risk that the tissue samples for mechanical jig testing contains findings that 

would alter the pathologic diagnosis.  

 

Participation in this study is voluntary. If you become distressed at any time during the sessions, 

you can stop participation at any time and/or you can be referred to an applicable medical 
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professional for help. You can also withdraw from the study at any time. Participation in this 

study will not change your treatment plan and quality of care. 

 

Participation in the ultrasound imaging sessions may be inconvenient because it will involve two 

sessions that take approximately 60 minutes each to complete. 

 

Can I expect to benefit from participating in this research study? 

You will not receive any direct benefit from your participation in this study.  Your participation 

may benefit future patients by allowing researchers to classify uterine fibroids based on their 

stiffness to improve health management options.  

 

Do I have to participate? What alternatives do I have? If I agree now, can I change my 

mind and withdraw later? 

Your participation in this study is voluntary. The alternative to this study is not to 

participate. You may decide not to be in this study, or to be in the study now, and then change 

your mind later without affecting the medical care or other services to which you are entitled or 

are presently receiving at this institution.  Even if you choose not to participate in this study you 

will still have your standard of care surgery. 

 

If you withdraw your consent, the study team will no longer collect your personal health or 

identifying information for research purposes.  Information collected before your withdrawal will 

be removed from the study. 

 

What compensation will I receive if I am injured or become ill in this study? 

 

In the event of a study-related injury or illness, you will be provided with appropriate medical 

treatment and care.  Financial compensation for lost wages, disability or discomfort due to an 

injury or illness is not generally available.  You are not waiving any of your legal rights by 

agreeing to participate in this study.  The study doctor, the Ottawa Hospital, the University of 

Ottawa, and The Ottawa Hospital Research Institute still have their legal and professional 

responsibilities.  

 

Will I be paid for my participation or will there be any additional costs to me?  

You will not be paid for your participation. Costs for parking at the University of Ottawa or 

public transportation costs will be reimbursed, with receipt. There will be no additional costs to 

you. 

 

How is my personal information being protected? 

• If you decide to participate in this study, the investigator(s) and study staff will look at your 

personal health information and collect only the information they need for this study. 

“Personal health information” is health information about you that could identify you 

because it includes information such as your name, address, telephone number, date of birth, 

new and existing medical records, or the types, dates and results of various tests and 

procedures. 

• Information that identifies you will be released only if it is required by law.  
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• All information collected during your participation in this study will be identified with a 

unique study number (for example participant # AB01), and will not contain information that 

identifies you.   

• With the exception of this consent form, which will contain your name and will be securely 

brought to The Ottawa Hospital for storage, documents leaving University of Ottawa will 

only contain the coded study number.  

• Documents leaving The Ottawa Hospital will only contain the coded study number. 

• Data will be stored under password protection at The Ottawa Hospital and the University of 

Ottawa.  

• Coded tissue samples will be sent to a laboratory at the University of Ottawa Heart Institute 

for analysis 

• A Master List provides the link between your identifying information and the coded study 

number. This list will only be available to Dr. Singh and his research staff and will not leave 

The Ottawa Hospital. The Master List and coded study records will be password protected 

and stored securely.  

• For audit purposes only, your original study and medical records may be reviewed under the 

supervision of Dr. Singh’s staff by representatives from: 

o The Ottawa Health Science Network Research Ethics Board (OHSN-REB), the 

Ottawa Hospital Research Institute, the University of Ottawa Research Ethics Board 

(UO-REB), and the University of Ottawa. 

• You will not be identified in any publications or presentations resulting from this study. 

• Research records will be kept for 10 years, as required by the OHSN-REB and the UO-REB. 

• At the end of the storage time, all paper records will be shredded and all electronic records 

will be securely deleted.   

 

A description of this clinical trial will be available on http://www.ClinicalTrials.gov. This Web 

site will not include information that can identify you.  At most, the Web site will include a 

summary of the results. You can search this Web site at any time. 

 

This research study can be found on the above listed website by using the clinical trial 

registration number NCT03369600. 

 

Do the investigators have any conflicts of interest? 

There are no conflicts of interest to declare related to this study.  

 

Who do I contact if I have any further questions?  

If you have any questions about this study, or if you feel that you have experienced a study-

related injury or illness, please contact the study staff at (613) 738-8400 ext 81733; 

MISgyneresearch@toh.ca or any of the investigators listed on the first page of this form. 

 

The Ottawa Health Science Network Research Ethics Board (OHSN-REB) and the University of 

Ottawa Research Ethics Board (UO-REB) has reviewed the plans for this research study.  The 

Boards consider the ethical aspects of all research studies involving human participants at the 

Ottawa Hospital and the University of Ottawa.  If you have any questions about your rights as a 

study participant, you may contact the Chairpersons of OHSN-REB at (613)798-5555 ext 16719 

or the UO-REB at (613)562-5387. 

http://www.clinicaltrials.gov/
mailto:MISgyneresearch@toh.ca
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Consent to Participate in Research 

 

Title of Study: Characterization of tissue stiffness to improve the diagnosis and management of 

uterine fibroids.  

 

• I understand that I am being asked to participate in a research study that will evaluate tissue 

stiffness of uterine tissue and fibroids in women. 

• This study was explained to me by ___________________________.  

• I have read, or someone has read to me, each page of this Participant Informed Consent Form.   

• All of my questions have been answered to my satisfaction.   

• If I decide later that I would like to withdraw my participation and/or consent from the study, 

I can do so at any time. 

• I voluntarily agree to participate in this study. 

• I will be given a copy of this signed Participant Informed Consent Form. 

 

 

_____________________________   ______________________________   _________ 

Participant’s Printed Name                 Participant’s Signature                     Date 

 

Investigator or Delegate Statement  

I have carefully explained the study to the study participant.  To the best of my knowledge, the 

participant understands the nature, demands, risks and benefits involved in taking part in this 

study.   

 

 

_________________________   ______________________________   _________ 

Investigator’s Printed Name            Investigator’s Signature                     Date 
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 Uterine Fibroids Symptoms Quality of Life Questionnaire  
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 Menstrual Bleeding Questionnaire  
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