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ABSTRACT

Purpose: To compare the quantitative and qualitative in vivo elasticity
features of human breast cancers on shear-wave elastography (SWE) with ex
vivo tumor elasticity and histopathologic features.
Materials and Methods: This prospective study was conducted with
institutional review board approval, and written informed consent was
obtained from all patients. The elasticity (Young’s moduli, in kilopascals
[kPa]) of 30 invasive breast cancers was measured in vivo using SWE and ex
vivo using a customized indentation system at similar levels of
precompression. Quantitative SWE values (maximum [Emax], mean, minimum,
and standard deviation) and qualitative SWE features (maximum visual color
stiffness, homogeneity of elasticity, and the presence of signal void areas) of
the breast cancers were analyzed. Indentation tests were performed for a
representative

5-mm-thick

slab

of

each

surgical

specimen,

which

corresponded to the ultrasound image section. Histopathologic evaluation was
performed to assess the relative amount of fibrous components (1: low, 2:
moderate, 3: high) and the presence of necrosis in the tumor. The correlation
between the quantitative in vivo and ex vivo elasticity values was analyzed
using Pearson’s correlation coefficient. The quantitative elasticity values were
compared between the subgroups according to the histopathologic variables
using the Kruskal-Wallis test. Imaging-pathologic correlation was performed
for the qualitative in vivo elasticity features of the SWE images.
i

Results: Histologic type of the 30 invasive breast cancers (mean size, 22.8
mm; range, 11-43 mm) was ductal carcinoma, not otherwise specified type.
Breast cancers with higher fibrous component scores were stiffer on ex vivo
elasticity measurements (median of ex vivo Emax, 20.5 kPa for score 1, 118.0
kPa for score 2, and 200.3 kPa for score 3) (P=.001). The quantitative in vivo
elasticity value exhibited a moderate level of correlation with the ex vivo
elasticity of the breast cancers (Emax at no precompression, r=0.552, P=.002;
Emax at minimal precompression, r=0.530, P=.003). The qualitative SWE
feature of signal void area was present in 43% (13 of 30) of the breast cancers.
Of the 13 cancers with signal void areas on SWE, 2 cancers had a gross
necrosis in the area of signal void (median of ex vivo Emax, 62.6 kPa). The
other 11 cancers without necrosis had dense collagen deposition in the tumor
and showed high ex vivo tumor elasticity (median of ex vivo Emax, 279.3 kPa).
Seventeen cancers without signal void area had no gross necrosis and showed
low ex vivo tumor elasticity (median of ex vivo Emax, 45.3 kPa) (P<.001).
Conclusion: Quantitative in vivo elasticity measurement with SWE showed a
moderate level of correlation with ex vivo tumor elasticity in the human breast
cancers. Qualitative SWE feature of signal void area was related to
intratumoral necrosis or substantial stiffness and might potentially be used as
an indicative finding of malignancy.
--------------------------------------------------------------------------------------------Keywords: Breast cancer, Shear-wave elastography, In vivo elasticity,
Indentation system, Ex vivo elasticity
Student number: 2011-30569
ii

CONTENTS
Abstract ................................................................................. i
Contents ............................................................................... ⅲ
List of tables and figures ....................................................... ⅳ

Introduction ........................................................................... 1
Material and Methods ............................................................. 3
Results ................................................................................ 19
Discussion ........................................................................... 48

References .......................................................................... 54
Abstract in Korean ............................................................... 57

iii

LIST OF TABLES
Table 1. Validation of the indentation system for Young’s modulus
measurements using calibrated phantoms
. ........................................................................................................................ 20
Table 2. Quantitative SWE values and Young’s moduli measured by
indentation tests using tissue-mimicking phantoms
. ........................................................................................................................ 24
Table 3. Quantitative in vivo and ex vivo elasticity values of the invasive
breast cancers according to histopathologic variables
........................................................................................................................... 36
Table 4. Qualitative in vivo elasticity features and ex vivo tumor elasticity
values of the invasive breast cancers
........................................................................................................................... 39

iv

LIST OF FIGURES

Figure 1. Design of indentation system and validation of the elasticity
measurements using a calibrated phantom. ............................................................ 5
Figure 2. Tissue-mimicking phantoms. .................................................................. 8
Figure 3. In vivo and ex vivo elasticity measurements of human breast cancers. ... 16
Figure 4. Elasticity measurements of tissue-mimicking phantoms using shearwave elastography............................................................................................... 23
Figure 5. Histopathologic features and ex vivo elasticity of the 30 invasive
breast cancers...................................................................................................... 28
Figure 6. Pearson’s correlation scatter plots of the quantitative SWE elasticity
values and the ex vivo tumor elasticity for the 30 human invasive breast
cancers. ............................................................................................................... 32
Figure 7. A 36-year-old woman with an invasive ductal carcinoma (pT1cN1,
pathologic size 15 mm, histologic grade III, triple negative) ................................ 34
Figure 8. A 49-year-old woman with an invasive ductal carcinoma (pT1cN0,
pathologic size 11 mm, histologic grade III, triple negative). ............................... 40
Figure 9. A 44-year-old woman with an invasive ductal carcinoma (pT2N0,
pathologic size 22 mm, histologic grade III, triple negative) ................................ 42
Figure 10. A 51-year-old woman with an invasive ductal carcinoma (pT1cN1,
pathologic size 20 mm, histologic grade II, ER-positive) ..................................... 44
Figure 11. A 69-year-old woman with an invasive ductal carcinoma (pT2N1,
pathologic size 30 mm, histologic grade II, ER-positive). .................................... 46
v

LIST OF ABBREVIATION

BI-RADS : Breast Imaging-Reporting and Data System
E :Elastic modulus,Young’s modulus
Emax:maximumelasticity
Emean:meanelasticity
Emin:minimumelasticity
Ecol:maximum visual color stiffness
Ehomo:homogeneity of elasticity
FISH :Fluorescence in-situ hybridization
IHC:Immunohistochemistry
ICC:Intraclass correlation coefficients
kPa:kilopascals
ROI :Region of interest
SD :Standard deviation
SWE:Shear-wave elastography
US: Ultrasound

vi

INTRODUCTION

Ultrasound (US) elastography is an emerging technique that can be used
to image tissue elasticity in vivo. The following 2 types of US elastography
techniques are commonly used for breast mass evaluation; strain elastography
and shear wave-based elastography. Strain elastography displays relative
tissue deformation upon the application of a small amount of pressure.
Because the applied force or stress during strain elastography cannot be
estimated, the elastic modulus (E, Young’s modulus), which is equal to stress
divided by strain, cannot be calculated. In contrast, shear-wave elastography
(SWE) is a technique that is based on the local estimation of shear-wave
propagation speed. The elastic modulus (E) of isotropic tissues is proportional
to the square of shear wave speed (E = 3ρcs2; ρ, tissue density; cs, shear wave
velocity). From the velocity information, the elastic modulus can be
calculated and displayed in a color-coded image, with the option of measuring
quantitative elasticity values. Several studies have reported that malignant
breast masses show stiffer colors and more color heterogeneity than benign
lesions on SWE images (1-6). Various cut-off values were proposed for
differentiating benign from malignant lesions in terms of quantitative
elasticity measurement: 80 kPa for maximum (5) and 50 kPa for mean
elasticity values (7). Using either quantitative or qualitative SWE features, the
specificity of B-mode US improves without loss of sensitivity (5, 8).
To date, the clinical use of quantitative elasticity values (in kilopascal
1

units) acquired using SWE is not approved by the U.S. Food and Drug
Administration (FDA). Although there are a few reports on the validation of
quantitative SWE values using the homogeneous calibrated phantoms (9),
there have been no validation studies using human breast tissues which have
more complex elastic properties. The indentation test is considered a gold
standard method for the assessment of elastic mechanical properties (10) and
several studies have measured the ex vivo elasticity of human breast tissues
using the indentation test on surgically excised specimens (11-13). According
to those studies, the malignant breast lesions and fibrous tissues were stiffer
than the normal fat or glandular tissues. Except for normal fat tissues, most of
the breast tissue components exhibit a non-linear elastic property—the elastic
moduli change with the applied strain. However, these studies have not
correlated the tumor elasticity measured ex vivo with that measured in vivo
using elastography. The qualitative SWE features of breast masses are often
explained by pathologic features. The SWE features of malignant lesions (i.e.,
color heterogeneity including stiffer colors and, in some cases, black areas
that are impenetrable to shear waves) are associated with intra-tumor
heterogeneity or necrosis (2, 6). However, to our knowledge, little is known
about imaging-pathologic correlation for qualitative SWE features.
Therefore, the purpose of this study was to compare the quantitative and
qualitative in vivo elasticity measurements of human breast cancers using
SWE with ex vivo elasticity measurements and histopathologic features.
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MATERIALS AND METHODS

Indentation system
Design of indentation system. ¾A customized indentation device was
constructed using a commercially available digital force gauge equipped with
a uniaxial load cell (DS2-5N, Imada Co., Aichi, Japan) (Fig. 1). The load cell
had a full-scale range of +/- 5N with a 0.001 N resolution. Flat-ended
cylindrical indenters with radii of 1.0 mm and 2.4 mm were used for the test.
The samples were placed on the z-axis linear motion stage, and contact
between the indenter and the sample surface was established manually by
using a micrometer with a 10-μm scale. Indentation was performed by the
continuous upward displacement of the z-axis linear motion stage and the
sample toward the indenter at a continuous rate of 0.01 mm/sec to the
maximum displacement of 1 mm. The time-dependent force data during
indentation was acquired using ZLINK3.1 software (Imada Co., Aichi, Japan).
The force at each indentation depth and the force-displacement curve were
acquired using the Matlab program. The elastic modulus of each sample was
calculated using the following equation derived by Boussinesq for a
homogeneous semi-infinite elastic medium under an indenter tip with a flat
end (14, 15):
=

∗ (1 − v )
∗2

where E is the elastic modulus (Young’s modulus), F is the applied force, ν is
3

the Poisson’s ratio, d is the displacement of the indenter tip, and R is the
radius of the indenter.
Validation of indentation system for elasticity measurement. ¾The elasticity
measurement using our indentation system was validated by measuring 4
inclusions of a commercially available calibrated phantom, Elasticity QA
phantom Model 049A (Computerized Imaging Reference Systems, Inc.,
Norfolk, Virginia, USA) with known Young’s moduli of 8 ± 3, 14 ± 4, 45 ± 8,
and 80 ± 12 kPa for lesion types I, II, III, and IV, respectively (Fig. 1). Four
cylindrical inclusions with a 20 mm diameter were tested with both 1.0-mmand 2.4-mm-radius indenters. The height of the sample was 5 mm, and the
maximum deformation rate was 20% (1 mm / 5 mm). The indentation test was
repeated three times at the center and the periphery of the phantom surface.
The mean Young’s moduli calculated from the three measurements were
compared with the reference values.

4

(A)

(B)

(C)

Figure 1. Design of indentation system and validation of the elasticity
measurements using a calibrated phantom. (A) A photograph showing the
indentation system. After the establishment of contact between the indenter
and sample surface, indentation was performed by the continuous upward
5

displacement of the z–axis linear motion stage toward the indenter at a rate of
0.01 mm/sec to the maximum displacement of 1 mm. (B) A close-up
photograph showing the geometry of the loading. The height of the cylindrical
sample was 5 mm. Thus, the maximum deformation rate was 20% (1 mm / 5
mm). (C) The force-displacement curves of the 4 inclusions (lesion types I-IV)
show linear lines with increasing slopes as the stiffness of the inclusions
increased.
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Elasticity measurements of tissue-mimicking phantoms
Tissue-mimicking phantoms. ¾A commercially available calibrated phantom
(Elasticity QA phantom Model 049; Computerized Imaging Reference
Systems, Inc., Norfolk, Virginia 23513, USA) made from Zerdine® and two
types of self-manufactured agar phantoms were prepared. The elasticity QA
phantom Model 049 had four homogeneous spherical inclusions with varying
elasticity (lesion types I, II, III, and IV) (Fig. 2a). The four spheres had a
diameter of 10 mm and were embedded in the background material at a depth
of 15 mm. The first type of agar phantom was made to contain seven
homogeneous cylindrical inclusions with different degrees of stiffness, which
was determined by the agar concentration and varied from 0.6% to 4.2% in
increments of 0.6% (Fig. 2b). Seven inclusions had the same diameter of 10
mm and were located at the same depth of 30 mm in the soft background. The
second type of agar phantom had four heterogeneous cylindrical inclusions,
each of which were comprised of a soft inner core (agar concentration of 1.2%)
and a hard outer shell (from 2.4% to 4.2% in increments of 0.6%) (Fig. 2c).
The diameter of the inner core was 10 mm, whereas that of outer shell was 20
mm. The depth of core from the surface was 15 mm. The background agar
concentration was 1.2%, and a concentration of 2% cellulose (scatter) was
added for all of the inclusions and background.

7

(A)

(B)

(C)

Figure 2.Tissue-mimicking phantoms.
(A) A photograph of a commercially available calibrated phantom (Elasticity
QA phantom Model 049) (B) A photograph of a self-manufactured agar
phantom with 7 inclusions of different agar concentration (0.6%-4.2%). (C) A
photograph of the agar phantom with 4 inclusions composed of soft inner core
and stiffer outer shell.
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Elasticity measurement using shear-wave elastography. ¾SWE was
performed using the Aixplorer system (SuperSonic Imagine, Aix en Provence,
France) equipped with a 4-15 MHz linear transducer (SuperLinearTM 15-4). A
color-coded SWE image representing the elastic modulus (Young’s modulus)
in kilopascals (kPa) at each pixel was obtained using a default color scale
ranging from 0 (dark blue; soft) to +180 kPa (red; stiff). The quantitative
elasticity measurements were performed by adjusting a circular region of
interest (ROI), a built-in quantification tool (Q-boxTM), to include the entire
inclusion. The four quantitative elasticity values, the maximum (Emax),
minimum (Emin), and mean (Emean) elasticity values and the standard deviation
(SD) of the elasticity values, were recorded. The measurements were
performed sequentially three times for each phantom. The qualitative
elasticity features, which included the maximum visual color stiffness (Ecol)
and the homogeneity of elasticity (Ehomo) of the color-coded SWE images of
each phantom, were also assessed.
Young’s moduli of tissue-mimicking phantoms. ¾Young’s moduli of
inclusions in the calibrated and agar phantoms were measured using the
indentation system after the acquisition of the SWE images. The tested
samples were cut into slabs with a height of 5 mm. The maximum
deformation rate was 20% (1 mm / 5 mm). The measurement was performed
three times for each phantom.

9

In vivo and ex vivo elasticity measurements of human
breast cancers
Patients and breast tissues.¾This prospective study was approved by the
institutional review board (IRB) of our hospital, and written informed consent
was provided by all participating women. Between September to October
2012, women who were scheduled to undergo mastectomy or breast
conserving surgery for pathologically proven malignant breast masses and
referred for preoperative breast US were initially considered for recruitment.
Eligible patients were women with breast masses with a maximum diameter
range of 10-40 mm. We excluded women with breast implants, women who
had received neoadjuvant chemotherapy, women who had surgical excision or
US-guided vacuum-assisted percutaneous excision before surgery and women
who were unwilling or unable to provide informed consent. Only a single
mass was included from each patient. Finally, thirty malignant breast masses
(mean size, 21.6 mm ± 8.7; range, 10-40 mm) in 30 women (mean age, 51.9
yrs ± 11.2; range, 31-77 yrs) were included. Twenty-four masses were
palpable and the other six masses were non-palpable. Four lesions were occult
on mammography and 26 lesions were visualized on mammography: masses
(n=16); asymmetry (n=3); mass or asymmetry with microcalcifications (n=5);
and microcalcifications only (n=2). According to the American College of
Radiology (ACR) Breast Imaging Reporting and Data System (BI-RADS)
(16), the final assessment of the 30 solid breast masses before biopsy was
category 4b (intermediate suspicion for malignancy) for 4 masses, category 4c
10

(moderate suspicion for malignancy) for 15 masses, and category 5 (highly
suggestive of malignancy) for 11 masses. Percutaneous core needle biopsies
were performed at least 2 weeks before surgery (the interval between biopsy
and surgery, 15-50 days). Total mastectomies and breast-conserving surgeries
were planned for 7 and 23 women, respectively.
In vivo elasticity measurement using shear wave elastography.¾Conventional
B-mode US and SWE images were obtained using an Aixplorer system
(SuperSonic Imagine, Aix en Provence, France) equipped with a 4-15 MHz
linear transducer (SuperLinearTM 15-4). The US examination was performed
either one day prior to or on the day of the patient’s surgery by one radiologist
who was fellowship-trained in breast imaging and had 12 months of
experience in the data acquisition and the interpretation of SWE prior to this
study. The US images were acquired at the center of the breast masses, with
the transducer placed in a sagittal plane for later pathologic correlation. SWE
was performed at the following two levels of precompression applied with the
transducer: no precompression and minimal precompression (Fig. 3a). To
acquire SWE images without precompression, the transducer was slightly
lifted until the lesion was as deep in the image as possible, while still
maintaining contact between the skin overlying the breast mass and the
transducer. During this process, the skin at both ends of the transducer was
unable to make contact with the transducer in some cases. The SWE images
with minimal compression were acquired with light contact between the skin
and the transducer for the entire length of the transducer as in routine clinical
practice. The amount of compression was quantified by measuring the depth
11

from the skin to the pectoralis muscle at no precompression (a) and at
minimal precompression (b). The percentage of precompression was
calculated as 1 - (a / b) (17). The mean percentage of strain was 10.3% ± 1.9
(range; 6.9%-13.6%) at minimal precompression. Generous amounts of
contact jelly were used while performing the SWE, and the transducer was
kept still for a few seconds allowing for the SWE image to stabilize.
Customized presets of the SWE parameters were used with the preference of
penetration mode in the cases of poor penetration. Quantitative elasticity
measurements were performed by placing a circular ROI (Q-boxTM) for the
entire breast mass and the immediately adjacent tissue (Fig. 3a). Four
quantitative elasticity values (maximum [Emax], minimum [Emin], and mean
[Emean] elasticity values and the standard deviation [SD] of the elasticity
values) were obtained for three sequential acquisitions. Of the qualitative
SWE features, maximum visual color stiffness (Ecol) was assessed as dark blue,
light blue, green, yellow, orange, and red. The location of the maximum
stiffness colors (center, superior, inferior, superficial, and deep regions in the
mass) and the presence of signal void area, where shear wave did not generate
even in the penetration mode, were also evaluated. The homogeneity of
elasticity in the mass and the surrounding tissues (Ehomo) was visually
classified as the following three categories: very homogeneous, reasonably
homogeneous, and not homogeneous (5).
Ex vivo elasticity measurement using the indentation system.¾On the day of
surgery, breast tissue specimens were immediately transported to the gross
pathology laboratory as they were excised from the patient. The specimens
12

were kept moist by a wet gauze soaked in warm isotonic saline during
transport. In the gross pathology laboratory, the breast tissue specimens were
sliced into 5-mm-thick slabs on the sagittal plane by a pathologist. The time
between tissue removal and the sectioning of the specimens was less than 20
minutes. The indentation tests were performed in the gross pathology
laboratory using a representative 5-mm-thick midsagittal slab containing the
center of the mass and the surrounding tissue, which correlated with the US
image section. Five points in the mass (center, superior, inferior, superficial
and deep regions) and normal fat if available, were compressed with either of
the two indenters with a radius of 1.0 or 2.4 mm according to the breast mass
size (Fig. 3b). A 4.8 mm-diameter indenter was used for relatively large breast
masses (maximum diameter >20 mm), and a 2 mm-diameter indenter was
used for smaller breast masses to measure the representative elasticity of each
region in the masses. The indentation tests were performed from 0% to 20%
strain (1 mm / 5 mm), and the force-displacement curves were obtained at
each region of the masses (Fig. 3c). The slopes of the five force-displacement
curves in the tumors were rather flat and similar during the early phase of
indentation. As the indentation entered its middle phase (10% strain), the
slopes of the curves increased and were distinguishable from each other.
Young’s modulus of each tumor region was calculated using the slope of the
force-displacement curve at 0% and the estimated percentage of strain on US
(mean 10.3% ± 1.9) to compare with the in vivo tumor elasticity measured
either without or with minimal precompression. At each strain level, four
quantitative ex vivo elasticity values, the maximum (Emax), minimum (Emin),
13

mean (Emean) elasticity values and the standard deviation (SD) of the elasticity
values in the five regions of the breast masses were calculated. All of the
measurements were performed at room temperature (20-25°C) and took
approximately 10-15 minutes. The surface of the samples was kept moist with
saline during the measurements.
Histopathologic examination of the breast tissues.¾After the indentation tests
were completed, the tissue samples were sent to the pathology department.
The specimens were then fixed in formalin, dehydrated in ethanol, cleared in
xylene, and embedded in paraffin blocks. Pathologic examination with routine
H&E staining was performed by a pathologist with 10 years of experience in
breast pathology. The histological type, grade, and the maximum diameter of
the invasive cancers, and regional lymph node (LN) status were evaluated. In
addition, subjective grading for the tumor cellularity and the amount of
fibrous component (stroma) in the tumor centers was performed using a threepoint scale as follows: 1 (low), 2 (moderate), or 3 (high). The presence of
intra-tumoral necrosis was also assessed and described as follows: 0 (none), 1
(microscopic necrosis; comedo-type necrosis associated with ductal
carcinoma in situ), and 2 (gross necrosis). Immunohistochemistry (IHC) test
was performed in all cases to determine the expression statuses of the estrogen
receptor (ER), progesterone receptor (PR) and human epidermal growth factor
receptor 2 (HER2). For the expression analysis of the hormone receptors (ER
and PR) using anti-ER (1D5, Dako, Carpentaria, CA, USA) and anti-PR (PgR
636, Dako) antibodies, positive staining was defined as nuclear staining in ≥ 1%
of tumor cells (18). Analysis of HER2 expression using a monoclonal
14

antibody (CB11, Novocastra, Newcastle upon Tyne, U.K.) scored the
specimens as follows: positive (3+), equivocal (2+), or negative (1+ or 0).
Fluorescence in-situ hybridization (FISH) analysis was performed in all
equivocal cases with a 2+ score for HER2 IHC test using the PathVysion
HER2 DNA Probe kit (Abbott Molecular Inc., Downers Grove, Illinois, USA).
A positive HER2 result was defined as either an IHC staining score of 3+
(uniform intense membrane staining of > 30% of invasive tumor cells) or a
FISH ratio (HER2 gene signals to chromosome 17 signals) of more than 2.2
(19). Breast cancers were classified into the three major subtypes according to
the relationship between ER and HER2 expression as follows: ER-positive
(i.e., ER positive, HER2 negative, and PR could be positive or negative),
HER2-positive (i.e., HER2 positive, and ER and PR could be positive or
negative), and triple negative (i.e., ER, PR, and HER2 negative).
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(A)

(B)

(C)

Figure 3.In vivo and ex vivo elasticity measurements of human breast
cancers.
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(A) Color-coded SWE images of a 62-year-old woman with an invasive
ductal carcinoma (pT1cN1, pathologic size 20mm, histologic grade II, ERpositive) acquired without precompression (Left) and with minimal
precompression (Right). The percentage of precompression was 10.4% (1 [19.8 mm / 22.1 mm]). Quantitative elasticity values were measured by
placing a circular ROI (Q-boxTM) for the entire breast mass and the
immediately adjacent breast tissue. The quantitative elasticity values of SWE
were 43.7 kPa (Emax) and 8.0 (SD) without precompression; 253.0 kPa (Emax)
and 45.7 (SD) with minimal precompression. (B) Indentation test was
performed for the representative 5-mm-thick slab containing the center of
mass and surrounding tissue, which correlated with the US image section.
Five points in the mass (center, superior, inferior, superficial and deep regions)
and the normal fat tissue were compressed with an indenter of 1.0 mm radius.
(C) The force-displacement curves of the five sites in the mass showed nonlinear curves with different slopes, whereas the fat tissue showed a straight
line. Young’s moduli of breast mass at each site were calculated using the
slope at 0% strain (no precompression) and 10.4% strain (minimal
precompression).

17

Data analysis
For the validation of the indentation system, the absolute agreement
between Young’s moduli of calibrated phantom (the mean of three
measurements) and the reference values quantified by the manufacturer was
assessed using the intra-class correlation coefficients (ICCs) that were
generated with a two-way mixed effects model. The reproducibility of the
elasticity measurements using the indentation system was evaluated by ICCs
that were computed using a one-way random effects model. The
reproducibility of the elasticity measurement using SWE as well as the
absolute agreement between the SWE elasticity values and Young’s moduli
measured with the indentation tests, was also evaluated by the ICCs as
described above. An ICC of 0.00–0.20 indicates slight agreement; 0.21–0.40,
fair agreement; 0.41–0.60, moderate agreement; 0.61–0.80, substantial
agreement; and 0.81-1.00, almost perfect agreement (8, 20). The correlation
between the quantitative in vivo and ex vivo elasticity values measured at
similar precompression levels was analyzed by calculating Pearson’s
correlation coefficient (r). The quantitative elasticity values measured at two
different strain levels in the same breast masses were compared using the
Wilcoxon signed-rank test. The quantitative elasticity values were compared
in terms of histopathologic variables using the Kruskal-Wallis or MannWhitney U tests. Two-tailed P-values of less than .05 were considered to
indicate a statistically significant difference. All statistical analyses were
performed using the MedCalc software (version 12.4.0.0 for Microsoft
Windows 2000/XP/Vista/7; MedCalc Software, Mariakerke, Belgium).
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RESULTS

Validation

of

indentation

system

for

elasticity

measurement
Young’s moduli of the four inclusions in the Elasticity QA phantom
(Model 049A) measured by the indentation test using the 1.0-mm- and 2.4mm-radius indenters showed almost perfect agreement with those quantified
by the manufacturer (Table 1). The results of the indentation tests were not
different when performed at either the center or the periphery of the sample
surfaces. The indentation tests were highly reproducible, with ICCs of 0.999
(95% CI: 0.993-0.999) for the 1.0-mm-radius indenter and 0.975 (95% CI:
0.872-0.998) for the 2.4-mm-radius indenter for three measurements.
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2.4mm-radius indenter

Table 1. Validation of the indentation system for Young’s modulus measurements using calibrated phantoms

1.0mm-radius indenter

Mean ±
SD(kPa)

ICC

Mean ±
SD(kPa)

0.9921

ICC

Periphery

ICC

7.0 ± 0.4

Center

Mean ±
SD(kPa)

0.9943

Periphery
ICC

7.3 ± 0.2

Center
Mean ±
SD(kPa)

0.9900

Calibrated
phantom
(Elasticity QA
phantom)
6.7 ± 0.4

11.4 ±
0.3

0.9960

14.2 ± 0.5

52.9 ±
0.4

6.3 ± 0.0

50.9 ± 1.6

82.1 ±
0.4

Type I
(8 kPa±3)

42.4 ± 0.7

76.3 ±
10.3

10.9 ± 0.4

40.1 ± 1.0

89.1 ± 1.0

11.3 ± 0.0

Type III
(45 kPa ± 8)
81.4 ± 2.4

Type II
(14 kPa ± 4)

Type IV
(80 kPa ± 12)

Note.— The diameter of the cylindrical inclusion was 20 mm, and the height was 5 mm. The ICCs represent an absolute agreement
between Young’s moduli quantified by the manufacturer and those measured by the indentation tests.
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Elasticity measurements of tissue-mimicking phantoms
Young’s moduli of the homogeneous inclusions measured by the
indentation tests are shown in Table 2. The lesion types I, II and the 0.6%-1.2%
agar inclusions exhibited mean Young’s moduli of less than 30 kPa. Young’s
moduli of lesion type III and the 1.8% agar inclusion were 40.1 kPa and 50.3
kPa, respectively. For lesion type IV and the 2.4% agar inclusion, Young’s
moduli were 81.4 kPa and 100.2 kPa, respectively, whereas for the 3.0, 3.6,
and 4.2% agar inclusions, they were 134.6, 175.2, and 234.5 kPa, respectively.
The color-coded SWE images of tissue-mimicking phantoms are shown
in Figure 4. In the homogeneous phantoms (Fig. 4a), soft inclusions (0.6%-1.2%
agar inclusions and lesion types I and II) showed a homogeneously dark blue
color on the SWE images. As Young’s moduli of inclusions increased, stiffer
colors with increasing color heterogeneity were observed. In the
heterogeneous elasticity phantom (Fig. 4b), the soft inner cores showed a
homogeneously dark blue color, whereas the hard outer shells showed yellowto-red color with color heterogeneity. The color patterns, including the
maximum stiffness color and the color heterogeneity of SWE images, could
discriminate soft and stiffer regions in the heterogeneous phantom. The color
patterns in the hard outer shells were similar to that of the homogeneous agar
inclusions with the same agar concentrations.
The quantitative SWE values (Emax, Emean, Emin, and SD) showed high
levels of correlation with Young’s moduli measured using the indentation
system (Emax, r=0.996; Emean, r=0.978; Emin, r=0.857; and SD, r=0.990; P<.001
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for all). The maximum SWE values (Emax) showed almost perfect agreement
with Young’s moduli of the phantoms (ICC=0.988). The ICC of the mean
SWE values (Emean) was 0.626 and the ICC of the minimum elasticity values
(Emin) was 0.177. The SD value of SWE increased in the stiffer inclusions of
the homogeneous phantoms. In the heterogeneous agar phantom, the SD value
was more increased compared to that of the homogeneous phantom with the
same agar concentration of outer shell. The reproducibility of quantitative
elasticity measurements using SWE was almost perfect for tissue-mimicking
phantoms. The ICC was 0.998 (95% CI: 0.992-0.999) for the Emax, 0.981 (95%
CI: 0.936-0.996) for the Emean, 0.807 (95% CI: 0.489-0.959) for the Emin, and
0.990 (95% CI: 0.967-0.998) for the SD.
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(A)

(B)

Figure４. Elasticity measurements of tissue-mimicking phantoms using
shear-wave elastography.
(A) Soft inclusions (agar concentrations of 0.6% and 1.2%, and lesion types III) showed a homogeneously dark blue color on SWE. As the stiffness of
inclusions increased, stiffer colors with increasing color heterogeneity were
noted. (B) The soft inner cores showed a homogeneously dark blue color, and
stiffer colors with color heterogeneity were noted in the hard outer shell. Note
that the color pattern in the outer shell is similar to that of homogeneous agar
inclusion at the same agar concentration.
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Table 2. Quantitative SWE values and Young’s moduli measured by indentation tests using tissue-mimicking phantoms

16.5 ± 0.3

SWE
Max (kPa)

14.0 ± 0.1

11.1 ± 0.2

SWE
Mean (kPa)

24.8 ± 1.7

10.9 ± 0.4

8.8 ± 0.1

SWE
Min (kPa)

9.0 ± 1.9

3.7 ± 0.0

1.7 ± 0.2

1.5 ± 0.1

SWE
SD

.

.

.

.

SWE
Max (kPa)

.

.

.

.

.

SWE
Mean (kPa)

.

.

.

.

.

SWE
Min (kPa)

.

.

.

.

.

SWE
SD

4.8 ± 0.4

81.4 ± 2.4

40.1 ± 1.0

11.3 ± 0.0

6.3 ± 0.0

Young’s moduli
(kPa)

Indentation test

Type I
19.2 ± 0.4
36.4 ± 0.6
29.5 ± 1.2

.

Heterogeneous phantom

Type II
42.5 ± 0.2
55.7 ± 3.6

0.6 ± 0.1

Homogeneous phantom

Type III
74.6 ± 9.7
2.7 ± 0.2

Zerdine®

Type IV
3.7 ± 0.1

Agar gel
6.0 ± 0.6

3.6%

3.0%

2.4%

1.8%

1.2%

207.6 ± 6.7

159.7 ± 2.0

131.4 ± 4.3

102.4 ± 3.4

40.7 ± 2.8

21.8 ± 1.7

100.5 ± 6.4

89.0 ± 7.6

75.7 ± 8.9

52.5 ± 2.4

31.2 ± 1.1

16.1 ± 1.3

33.3 ± 12.6

39.5 ± 8.8

27.7 ± 4.1

26.6 ± 5.6

13.5 ± 1.6

7.4 ± 2.9

30.4 ± 0.8

20.9 ± 1.3

17.3 ± 1.5

8.9 ± 1.8

4.3 ± 0.6

2.7 ± 0.1

214.9 ± 8.1

163.9 ± 3.2

137.8 ± 4.2

97.7 ± 5.8

.

.

82.3 ± 5.1

74.8 ± 5.3

65.6 ± 1.1

52.2 ± 3.2

.

.

27.3 ± 1.1

25.6 ± 2.8

21.1 ± 6.8

24.0 ± 0.8

.

.

41.2 ± 1.1

36.5 ± 2.2

23.6 ± 1.4

15.7 ± 1.7

.

.

234.5 ± 11.4

175.2 ± 12.6

134.6 ± 13.1

100.2 ± 2.3

50.3 ± 2.3

28.2 ± 1.7

0.6%

4.2%

Note.— Heterogeneous phantoms had soft inner cores with 2.4% agar concentration. Indentation test was performed with a 1.0 mm-radius indenter
and the height of phantoms were 5.0 mm.
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In vivo and ex vivo elasticity measurements of human
breast cancers
Histopathologic features and ex vivo elasticity of breast cancers. ¾ The
histologic type of the 30 invasive breast cancers was invasive ductal
carcinoma (IDC), not otherwise specified (NOS) type. The maximum
diameter of the invasive tumors was mean 22.8 ± 7.2 mm (range, 11-43 mm).
Histologic grades of the 30 IDCs were grade I in 1 cancer, grade II in 13
cancers, and grade III in 16 cancers. The breast cancer subtypes according to
ER and HER2 status were as follows: ER-positive (n=17), HER2-positive
(n=3; ER positive, n=1; and ER negative, n=2), and triple-negative (n=10).
The breast cancer subtypes of the histologic grade III cancers were triple
negative (n=10), HER2-positive (n=3), and ER-positive (n=3). All of
histologic grade I and II cancers were ER-positive cancers. Seventeen cancers
were associated with regional LN metastases (pN1, n=16; pN2, n=1), and
thirteen cancers did not have regional LN metastasis (pN0). The visually
assessed scores for the amount of fibrous components in the tumor centers
were as follows: 1 (low) in 7 cancers, 2 (moderate) in 16 cancers, and 3 (high)
in 7 cancers. The visual scores for the cellularity of the tumors were as
follows: 1 (low) in 2 cancers, 2 (moderate) in 11 cancers, and 3 (high) in 17
cancers. Intratumoral necrosis was not present in 20 cancers (67%). Two
cancers (7%) showed gross necrosis in the tumor (10% and 30% of the tumor
areas, respectively). Eight cancers (26%) had microscopic comedo-type
necrosis associated with ductal carcinoma in situ scattered in the tumor.
The maximum ex vivo elasticity values measured with minimal
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precompression (median ex vivo Emax, 108.2 kPa [IQR, 44.4-200.3 kPa]) were
higher than those measured without precompression (31.5 kPa [IQR 12.3-52.9
kPa]) for the same breast cancers (P<.001). The maximum tumor elasticity (ex
vivo Emax) and intratumoral heterogeneity of elasticity (ex vivo SD) showed a
high level of correlation (i.e., stiffer cancers showed more intratumoral
heterogeneity of elasticity) (Fig. 5a). Breast cancers with higher scores of
fibrous component showed higher maximum ex vivo elasticity values. The
median ex vivo Emax in the cancers with fibrous component scores of 1 (low),
2 (moderate), and 3 (high) were 20.5, 118.0, and 200.3 kPa, respectively,
when measured with minimal precompression (P=.001) (Fig. 5b). The visual
score of the fibrous component was an independent factor determining the
maximum ex vivo elasticity, regardless of the pathologic tumor size on
multivariate analysis (P=.010 for the ex vivo Emax measured without
precompression; P=.008 for the ex vivo Emax measured with minimal
precompression). The fibrous component scores were lower in the cancers
with high cellularity scores (Fig. 5c). High histologic grade cancers (grade III)
tended to show high cellularity and low fibrous component scores (Fig. 5d).
Breast cancers with large pathologic size or regional LN metastases showed
higher fibrous component scores (Fig 5e).
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(A)

(B)

(C)

(D)
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(E)

Figure 5. Histopathologic features and ex vivo elasticity of the 30 invasive
breast cancers. (A) Scatter plots of the maximum ex vivo elasticity and the
standard deviation of elasticity in the tumor (intratumoral heterogeneity of
elasticity). Stiffer cancers showed more intra-tumoral heterogeneity of
elasticity. (B) Box-and-whisker plots of the maximum ex vivo elasticity
according to the fibrous component score (1, low; 2, moderate; 3, high). The
maximum ex vivo elasticity was higher in the tumors with high fibrous scores.
(C-E) Stacked column charts showing the fibrous component scores
according to histopathologic variables. The fibrous component scores were
lower in the cancers with high cellularity scores. High histologic grade
cancers (grade III) tended to show high cellularity and low fibrous component
scores. Breast cancers with large invasive tumor size or regional LN
metastasis had higher fibrous component score.
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Quantitative in vivo elasticity values of breast cancers.¾The quantitative
elasticity measurements using SWE were highly reproducible for the breast
cancers when measured without precompression (in vivo Emax, ICC=0.912; in
vivo SD, ICC=0.887) and with minimal precompression (in vivo Emax,
ICC=0.875; in vivo SD, ICC=0.938). The maximum in vivo elasticity values
(in vivo Emax) showed a moderate correlation with the maximum ex vivo
elasticity values (ex vivo Emax) measured at similar precompression levels
(r=0.552, P=.002 with no precompression; r=0.530, P=.003 with minimal
precompression) (Fig. 6). The SD value of SWE (in vivo SD) showed a low
level of correlation with the intratumoral heterogeneity of elasticity (ex vivo
SD) (r=0.372, P=.043 with no precompression; r=0.469, P=.009 with minimal
precompression). When measured without precompression, the in vivo Emax of
87% of the cancers (26 of 30) were less than 100 kPa. In contrast, 80% of the
cancers (24 of 30) showed the in vivo Emax of more than 100 kPa when
measured with minimal precompression. Three (10%) very stiff cancers (ex
vivo Emax of >380 kPa) were underestimated by less than half on in vivo
elasticity measurements with minimal precompression (shown as red dots in
Fig. 6); these three cancers were ER-positive and histologic grade II cancers
(median size, 20 mm; IQR, 20-22mm). Twelve cancers (40%) (median size,
22 mm; IQR, 18-25 mm) were overestimated by more than two-fold on in
vivo elasticity measurements with minimal precompression. Of these 12
cancers, 10 were high grade (histologic grade III) cancers of triple negative
(n=6), HER2-positive (n=2), and ER-positive (n=2) subtypes. The other two
cancers were ER-positive cancers of histologic grade I and II, respectively.
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The degree of absolute agreement between the in vivo and ex vivo maximum
elasticity

values

was

fair

(ICC=0.387)

for

measurement

without

precompression and moderate (ICC=0.436) for measurement with minimal
precompression.
The maximum elasticity values of the 30 invasive breast cancers are
shown according to histopathologic variables in Table 3. When the elasticity
values

were

measured

without

precompression

or

with

minimal

precompression, histologic grade II cancers showed the highest maximum ex
vivo and in vivo elasticity values followed by histologic grade III cancers. The
difference of the elasticity values according to histologic grade was
statistically significant on ex vivo measurement (P<.001), however, not on in
vivo measurement (P=.110). In terms of the breast cancer subtypes, ERpositive cancers showed significantly higher maximum ex vivo elasticity
values than HER2-positive or triple negative cancers (P<.001). However, the
difference of maximum in vivo elasticity values between the breast cancer
subtypes was not statistically significant (P=.126). The in vivo elasticity
values were significantly higher than the ex vivo elasticity values in the high
grade (histologic grade III) cancers (median of in vivo and ex vivo Emax, 120.6
kPa vs. 53.1 kPa, P<.001) including triple negative cancers (154.2 kPa vs.
53.1 kPa, P=.002), which showed a typical pathologic feature of low fibrous
component score (score of 1) (100.0 kPa vs. 20.5 kPa, P=.016) and high
cellularity (score of 3) (126.8 kPa vs. 61.7 kPa, P=.002) (Fig. 7). There was
no significant difference between the in vivo and ex vivo elasticity values in
the histologic grade II cancers (192.0 kPa vs. 232.8 kPa, P=.168), which were
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composed of ER-positive cancers (164.8 kPa vs. 154.1 kPa, P=.548). The
median in vivo and ex vivo elasticity values were higher in the cancers with
larger pathologic size and with regional LN metastasis.
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(A)

(B)

(C)
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(D)

Figure 6. Pearson’s correlation scatter plots of the quantitative SWE
elasticity values and the ex vivo tumor elasticity for the 30 human
invasive breast cancers. (A) The maximum SWE value showed a moderate
correlation with ex vivo elasticity measured at similar compression levels
(without compression: r=0.552, P=.002; with minimal compression: r=0.530,
P=.003). Three histologic grade II cancers were underestimated by less than
half on SWE (shown as red dots). Twelve cancers (ten were histologic grade
III, one was grade II, and the other was grade I) were overestimated over twofold on SWE (shown as blue dots). (B, C) The mean and minimum value of
SWE was not significantly correlated with ex vivo elasticity values. (D) The
SD value of SWE showed a low correlation with intratumoral heterogeneity
of ex vivo elasticity (without compression: r=0.372, P=.043; with minimal
compression: r=0.469, P=.009).
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(A)

(B)

(C)

Figure 7. A 36-year-old woman with an invasive ductal carcinoma
(pT1cN1, pathologic size 15 mm, histologic grade III, triple negative).
(A) Color-coded SWE images without precompression (Left) and with
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minimal precompression (Right). The percentage of compression was 12.3%
(1 – [17.9 mm / 20.4 mm]). The quantitative elasticity values of SWE were
65.6 kPa (Emax) and 13.6 (SD) without precompression and 223.4 kPa (Emax)
and 52.5 (SD) with minimal precompression. (B) A representative 5-mm-thick
slab, which correlated with US image section, was selected for the indentation
test (Left). The force-displacement curves of the tumor showed relatively flat
slopes (Right). The ex vivo elasticity values of the mass were 12.6 kPa (Emax)
and 3.9 (SD) at 0% strain and 72.4 kPa and 20.9 at 12.3% strain. (C) A
photomicrograph of the specimen (hematoxylin and eosin stain; original
magnification x12.5). The fibrous component present was a central scar
(asterisk). The fibrous component score was 1 (low) and the cellularity score
was 3 (high). There was no necrosis in the tumor.
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Table 3. Quantitative in vivo and ex vivo elasticity values of the invasive breast cancers according to histopathologic variables

7
17
6

17
3
10

1
13
16

2
11
17

7
16
7

30

N

50.2 (34.3-71.5)
65.6 (57.7-79.4)

40.7 (26.4-58.9)
60.0 (47.9-79.7)
71.7 (62.4-75.3)

62.4 (47.9-75.3)
53.9 (44.0-66.1)
55.4 (29.0-75.7)

44.3
62.4 (57.3-74.1)
57.0 (38.4-75.5)

63.8 (53.9-73.6)
62.4 (50.4-74.3)
60.0 (39.5-75.4)

40.7 (30.8-64.2)
68.0 (46.7-96.4)
62.4 (55.8-70.7)

61.1 (44.3-75.3)

In vivo Emax (kPa)

15.1 (6.8-31.2)
35.4 (26.2-56.8)

12.6 (8.8-29.3)
33.4 (11.1-57.6)
33.8 (30.7-57.4)

51.0 (31.8-73.6)
3.8 (3.1-26.5)
12.5 (7.1-18.9)

30.2
56.6 (35.1-84.3)
12.5 (6.4-28.7)

33.1 (32.2-34.0)
57.4 (27.6-94.2)
15.1 (6.8-35.2)

7.1 (4.3-11.4)
33.7 (15.6-54.8)
35.4 (32.7-68.1)

31.5 (12.3-52.9)

Ex vivo Emax (kPa)

<.001
.003

.016
<.001
.156

.008
N/A
.002

N/A
.080
<.001

N/A
.148
<.001

.016
<.001
.297

<.001

P-value

106.8 (94.7-189.2)
194.1 (147.1-253.2)

120.2 (63.3-125.4)
188.2 (105.5-222.2)
186.2 (160.3-300.0)

164.8 (125.2-238.1)
97.0 (95.7-115.0)
154.2 (100.0-215.1)

106.8
192.0 (151.9-238.1)
120.6 (96.2-211.4)

130.9 (97.0-164.8)
188.2 (130.2-229.5)
126.8 (98.8-217.2)

100.0 (93.4-120.6)
193.1 (120.2-225.8)
164.8 (160.4-272.1)

160.5 (106.8-218.5)

In vivo Emax (kPa)

44.4 (20.4-90.3)
135.3 (99.7-244.4)

49.1 (38.0-80.4)
111.7 (39.3-304.3)
177.2 (135.3-232.8)

154.1 (118.4-376.8)
8.8 (6.5-64.5)
53.1 (20.5-84.9)

45.3
232.8 (132.6-381.8)
53.1 (20.3-94.8)

109.2 (83.1-135.3)
232.8 (91.6-386.6)
61.7 (20.4-120.3)

20.5 (11.6-38.7)
118.0 (55.4-216.7)
200.3 (117.6-340.1)

108.2 (44.4-200.3)

Ex vivo Emax (kPa)

.147
.487

.050
.548
.844

.548
N/A
.002

N/A
.168
<.001

N/A
.278
.002

.016
.464
.938

.102

P-value

Minimal precompression

All

13
17

No precompression

Fibrous component score
1 (low)
2 (moderate)
3 (high)
Cellularity score
1 (low)
2 (moderate)
3 (high)
Histologic grade
Grade I
Grade II
Grade III
Breast cancer subtype
ER(+)
HER2(+)
TN
Pathologic size (mm)
10-19
20-29
30LN metastasis
N0
N1-2
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Qualitative in vivo elasticity features of breast cancers.¾The qualitative
elasticity features of breast cancers on the color-coded SWE images are
summarized in Table 4. When the maximum stiffness colors were classified
into three subgroups (soft color [dark blue or light blue], intermediate color
[green, yellow, or orange], and stiff color [red]), the median ex vivo tumor
elasticity values (ex vivo Emax and ex vivo SD) were higher in the cancers with
stiff colors than those with intermediate colors. However, the ex vivo tumor
elasticity did not increase by order of the maximum stiffness colors in the
subgroup of intermediate colors. The cancers displaying soft colors showed
the lowest tumor elasticity values (Fig. 8). The color heterogeneity on the
SWE images showed a correlation with the maximum tumor elasticity (ex
vivo Emax) as well as with the intratumoral heterogeneity of elasticity (ex vivo
SD). The location of the maximum stiffness color was present in the
superficial regions on the color-coded SWE images of 83% of the cancers (25
of 30). However, the central regions of the tumors were the most common site
representing the maximum ex vivo tumor elasticity (30%, 9 of 30) followed by
the deep regions of the masses (23%, 7 of 30). The location of the maximum
stiffness in vivo and ex vivo was discordant in 83% (25 of 30) of all cancers.
Of the thirty invasive breast cancers, thirteen cancers (43%) showed a
qualitative feature of signal void areas in the mass, where the shear wave did
not generate even in the penetration mode, on both SWE images acquired
without precompression and with minimal precompression. The imagingpathologic correlation revealed that two cancers (15%, 2 of 13) had gross
necrosis in the signal void areas on SWE images (Fig. 9). Those two cancers
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presented as the triple negative subtype and showed soft ex vivo elasticity
(median of ex vivo Emax, 15.0 kPa). The 85% of the cancers with a signal void
area (11 of 13) were ER-positive and did not have gross necrosis. Dense
collagen deposition was often observed in the corresponding tumor areas
(Figs. 10-11). The maximum ex vivo tumor elasticity of those cancers (median,
279.3 kPa) was significantly higher than that of others (cancers with gross
necrosis, 62.6 kPa; cancers without signal void areas, 49.1 kPa) (P<.001).
There was no gross necrosis in the cancers without signal void areas on the
SWE images (n=17).

38

Table 4. Qualitative in vivo elasticity features and ex vivo tumor elasticity values of the invasive breast cancers

Dark blue
4

19

2

33.4 (28.4-89.7)

28.8 (4.7-52.9)

52.0 (19.7-85.8)

30.7 (8.8-47.9)

13.7 (12.3-15.1)

Ex vivo Emax (kPa)

8.8 (8.4-24.3)

9.5 (1.0-18.0)

14.8 (3.7-31.7)

6.1 (3.1-14.0)

3.4 (2.4-4.4)

Ex vivo SD

3

4

0

2

0

124.6 (69.7-303.5)

49.1 (27.7-114.2)

64.2 (33.4-100.1)

-

40.2 (35.9-44.4)

-

Ex vivo Emax (kPa)

36.9 (20.0-89.6)

18.9 (6.6-30.1)

25.4 (9.2-38.6)

-

11.3 (6.2-16.4)

-

Ex vivo SD

Minimal precompression

Light blue
2
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No precompression

Green
3

-

N

Yellow
-

Qualitative elasticity features
on SWE

Orange
0

Maximum stiffness color

Red

Not homogeneous

Reasonably homogeneous

Homogeneous

15

20

8

2

12.6 (6.2-33.1)

34.4 (10.0-64.6)

24.6 (10.1-34.0)

13.7 (12.3-15.1)

3.9 (1.5-6.1)

9.8 (3.3-21.3)

5.3 (3.0-10.2)

3.4 (2.4-4.4)

15

28

2

0

62.6 (20.5-104.6)

200.3 (117.6-378.5)

45.3 (20.4-84.5)

114.4 (47.2-216.6)

40.2 (35.9-44.4)

-

15.0 (2.5-27.4)

78.3(33.7-108.3)

16.4 (6.1-34.7)

35.0 (14.7-79.8)

11.3 (6.2-16.4)

-

Color inhomogeneity

Absent

2

15

Signal void area in the mass

5.0 (1.2-8.8)

81.2 (35.6-119.3)

11.8 (6.7-23.1)

232.8 (135.8-381.8)

20.3 (7.1-33.4)

13

38.7 (31.1-77.4)

13.8 (7.7-24.3)

2

56.6 (31.8-84.3)

15

Necrosis(+)

13

Present
Necrosis(-)

Note.— Data are median of data. Numbers in parenthesis are the interquartile range (the 25th and 75th percentiles of the data).
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(A)

(B)

(C)

Figure 8. A 49-year-old woman with an invasive ductal carcinoma
(pT1cN0, pathologic size 11 mm, histologic grade III, triple negative).
(A) Color-coded SWE images without precompression (Left) and with
minimal precompression (Right). The percentage of compression was 13.3%
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(1 – [23.3 mm / 20.2 mm]). The cancer showed soft colors on the color-coded
SWE image. The quantitative elasticity values of SWE were 21.2 kPa (Emax)
and 3.1 (SD) without precompression and 44.6 kPa and 7.1 with minimal
precompression. (B) A representative 5-mm-thick slab, which correlated with
US image section, was selected for the indentation test (Left). The forcedisplacement curves of the tumor showed flat slopes (Right). The ex vivo
elasticity values of the mass were 15.1 kPa (Emax) and 4.4 (SD) at 0% strain
and 44.4 kPa and 16.4 at 13.3% strain. (C) A photomicrograph of the
specimen (hematoxylin and eosin staining; original magnification x12.5). The
fibrous component present was a central scar (asterisk). The fibrous
component score was 1 (low) and the cellularity score was 3 (high). There
was no necrosis in the tumor.
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(A)

(B)

(C)

Figure 9. A 44-year-old woman with an invasive ductal carcinoma
(pT2N0, pathologic size 22 mm, histologic grade III, triple negative).
(A) Color-coded SWE images without precompression (Left) and minimal
precompression (Right). The percentage of precompression was 9.6% (1 –
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[19.7 mm / 21.8 mm]). The quantitative elasticity values of SWE were 60.0
kPa (Emax) and 14.0 (SD) without precompression and 100.4 kPa and 25.5
with minimal precompression. There were signal void areas in the mass
(arrows) (B) A representative 5-mm-thick slab, which correlated with US
image section, was selected for the indentation test (Left). The forcedisplacement curves of the tumor show flat slopes (Right). The ex vivo
elasticity values of the mass were 7.1 kPa (Emax) and 1.2 (SD) at 0% strain and
20.5 kPa and 2.5 at 9.6% strain. (C) A photomicrograph of the specimen
(hematoxylin and eosin staining; original magnification x12.5). The fibrous
component was nearly absent (score of 1; low), and the tumor cellularity was
high (score of 3), including lymphocytic infiltration. There was geographic
necrosis in the tumor (approximately 30% of the tumor area) (arrowheads),
which correlates with signal void areas on the SWE image.
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(A)

(B)

(C)

Figure 10. A 51-year-old woman with an invasive ductal carcinoma
(pT1cN1, pathologic size 20 mm, histologic grade II, ER-positive).
(A) Color-coded SWE images without precompression (Left) and with
minimal precompression (Right). The percentage of compression was 8.7% (1
– [22.0 mm / 24.1 mm]). The quantitative elasticity values of SWE were 91.5
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kPa (Emax) and 13.3 (SD) without precompression and 218.5 kPa and 34.5
with minimal precompression. There were signal void areas in the mass deep
region (arrows). (B) A representative 5-mm-thick slab, which correlated with
US image section, was selected for the indentation test (Left). On the forcedisplacement graph of the tumor (Right), the deep region showed the steepest
slope, followed by central and inferior regions. The ex vivo elasticity values of
the mass was 99.9 kPa (Emax) and 40.1 (SD) at 0% strain and 439.4 kPa and
145.1 at 8.7% strain. (C) A photomicrograph of the specimen (hematoxylin
and eosin staining; original magnification x12.5). A fibrous stroma was
present in the diffuse intercellular space, and there were multifocal collagen
depositions in the center, deep, and inferior regions in the tumor (asterisks).
The fibrous component score was 2 (moderate) and the cellularity score was 2
(moderate). There was no necrosis in the tumor.
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(A)

(B)

(C)

Figure 11. A 69-year-old woman with an invasive ductal carcinoma
(pT2N1, pathologic size 30 mm, histologic grade II, ER-positive).
(A) Color-coded SWE images without precompression (Left) and with
minimal precompression (Right). The percentage of compression was 9.9% (1
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– [26.5 mm / 29.4 mm]). The quantitative elasticity values of SWE were 69.8
kPa (Emax) and 16.9 (SD) without compression and 300.0 kPa and 58.0 with
minimal compression. There were signal void areas in the central and deep
regions of the mass (arrows). (B) A representative 5-mm-thick slab, which
correlated with US image section, was selected for the indentation test (Left).
On the force-displacement graph of the tumor (Right), superior and central
regions showed the steepest slope. The ex vivo elasticity values of the mass
were 99.1 kPa (Emax) and 20.2 (SD) at 0% strain and 375.9 kPa and 81.2 at 9.9%
strain. (C) A photomicrograph of the specimen (hematoxylin and eosin
staining; original magnification x12.5). There was a dense collagen deposit in
the superior and central regions of the mass (asterisk), where the maximum
elasticity was shown by the ex vivo measurement. The fibrous component
score was 3 (high) and the cellularity score was 2 (moderate). There was no
necrosis in the tumor.
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DISCUSSION

In this prospective study, the maximum SWE values of the invasive
breast cancers showed a moderate correlation with the maximum ex vivo
tumor elasticity measured at similar levels of precompression (Emax measured
without precompression, r=0.552, P=.002; Emax measured with minimal
precompression, r=0.530, P=.003). The correlation between in vivo and ex
vivo elasticity measurements was hampered by the overestimation of SWE for
high grade (histologic grade III) cancers (median of in vivo Emax, 120.6 kPa,
ex vivo Emax, 53.1 kPa) (P<.001). Histologic grade III cancers had relatively
higher cellularity and lower fibrous component scores on histopathologic
examinations and they were softer than histologic grade II cancers on ex vivo
elasticity measurements (median of ex vivo Emax, 232.8 kPa for histologic
grade II, and 53.1 kPa for histologic grade III) (P<.001). Our results are
consistent with the general knowledge that high grade cancers are much more
cellular and show negative results on static elastography, whereas low grade
cancers contain relatively larger amounts of desmoplasia and show positive
results on static elastography (21). Considering that the overestimation of
SWE was apparent only in the histologic grade III cancers, it can be inferred
that high tumor cellularity is associated with the significantly higher in vivo
elasticity values on SWE. One possible explanation is based on the fact that
elasticity mapped by SWE does not exactly correspond to the stiffness
measured by the palpation or indentation tests. The ex vivo elasticity or
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stiffness is determined by the amount of fibrous components. However, in
addition to fibrosis, other factors such as cellular density or interstitial
pressure can determine the in vivo elasticity measured with SWE. In our study,
the maximum SWE values of histologic grade II cancers were higher than
those of histologic grade III cancers (median of in vivo Emax, 192.0 kPa for
histologic grade II, and 120.6 kPa for histologic grade III), however the
difference was not statistically significant (P=.110). A recent study has
reported that higher histologic grade was associated with higher mean SWE
values (22). However, in the study, the difference was more marked between
grade I (88 kPa ± 62) and grade II (143 kPa ± 55) lesions than between grade
II and grade III (147 kPa ± 58) lesions. In terms of breast cancer subtype
according to ER, PR, and HER2 receptor status, triple negative and HER2postive cancers constituted the majority of high grade cancers. ER-positive
cancers were the stiffest subtype of breast cancer on ex vivo elasticity
measurements (P<.001). However, the difference of quantitative elasticity
values between the breast cancer subtypes decreased on in vivo measurements
using SWE (P=.126). Our study results might provide information helpful in
understanding the results of a recent study that no immunohistochemical
profile of the cancers was independently correlated with the mean elasticity
value of SWE (23). Although the quantitative SWE values do not directly
mean the stiffness, high quantitative in vivo elasticity values of high grade
cancers, including triple negative or HER2-positive cancers, could be
clinically useful for the diagnosis of breast cancers.
Among the qualitative in vivo elasticity features, the signal void area in a
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lesion is interesting. The presence of signal void areas (i.e., the areas that are
not color-coded) is a characteristic feature of simple cysts and is useful for
discriminating solid from cystic masses. However, complicated cysts, which
are difficult to distinguish from solid masses using B-mode US, usually do not
show signal void features. Furthermore, signal void areas appear in breast
cancers (2, 4, 24). In our study, 43% (13 of 30) of the breast cancers showed
signal void areas in the masses. These cancers consisted of triple negative
tumors with gross necrosis (n=2) and ER-positive tumors with dense collagen
deposition (n=11). In the cases of ER-positive cancers with substantial
stiffness, signal void areas were present in the regions of tumors with dense
collagen deposition that showed the maximum ex vivo elasticity. Therefore,
the quantitative SWE values might underestimate the maximum ex vivo
elasticity of the tumors, because no color signals are generated in the stiffest
regions in the tumors. Regardless, the qualitative feature of signal void areas
in the solid masses, which correlates with intratumoral necrosis or substantial
tumor stiffness, can be a suggestive finding of malignancy.
The SD value of SWE is a quantitative index for the color heterogeneity
when the quantification ROI (Q-boxTM) is set to include the entire mass and
the immediately adjacent parenchyma (6). Color heterogeneity is believed to
be related to intratumoral heterogeneity. We compared the SD value of SWE
with the calculated standard deviation of ex vivo tumor elasticity (ex vivo SD)
from the five-points in the tumor, and there was a low level of correlation
(r=0.372, P=0.043; r=0.469, P=.009). In addition, the location of the
maximum stiffness color on the SWE images did not correlated with the
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regions showing the maximum ex vivo tumor elasticity in the 83% of the
cancers (25 of 30). These low correlations and discrepancies between SWE
colors and ex vivo tumor stiffness might be explained similarly as mentioned
above–the colors of the SWE images not only represent the tumor stiffness,
but also reflect the complex in vivo environment. In regards to the setting of
quantification ROI (Q-boxTM), using a large ROI is not a common method.
Usually, a 2 x 2mm-sized ROI is placed in the stiffest region in the mass (5, 7,
8, 25-27) and using this method, the acquired SD values cannot represent the
color heterogeneity of the masses because it measures only a small portion of
the entire mass. The maximum elasticity value (Emax), which is known as the
most useful quantitative elasticity value for the differentiation of benign from
malignant lesions, is theoretically the same for both methods. From a practical
point of view, the maximum elasticity value acquired using a large ROI could
be more accurate because a small ROI might not be placed in the stiffest
portion of a mass.
Precompression is known to affect the tissue elasticity because the soft
tissue becomes stiffer when it is compressed (a non-linear elastic property).
Krouskop et al measured the ex vivo tumor elasticity of breast tissues using an
indentation test with 5% and 20% precompression (11). As the
precompression strain levels increase, the elastic moduli of the breast tissues
increased overall, and the difference among the elastic moduli of the breast
tissue components also increased. In our study, the elasticity values acquired
with minimal precompression (mean, 10.3% ± 1.9) were higher than those
measured without precompression in the same breast masses on both SWE
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images (median of in vivo Emax, 61.1 kPa vs. 160.5 kPa, P<.001) and
indentation tests (median of ex vivo Emax, 31.5 kPa vs. 108.2 kPa, P<.001).
According to a study on the effects of precompression on SWE (17), less than
10% precompression was recommended because the benign lesions became
stiffer with strain of over 10%. In our study, the median elasticity values of
the breast cancers measured at no precompression (0% strain) was less than
70 kPa on both the in vivo and ex vivo measurements, making it difficult to
distinguish the benign lesions from the malignant lesions. Minimal
precompression (strain of 10% or less) can be useful for differentiating the
benign from malignant lesions using the non-linear elastic property of breast
cancers.
There were some limitations in our study. First, the number of cancers
with elasticity measurements was small. Second, only a single histologic type
of breast cancer (invasive ductal carcinoma) was included in our study. Our
study included breast cancers visualized as masses on US for imagingpathologic correlation. Therefore, histologic types, such as pure ductal
carcinoma in situ, were not included. Third, the in vivo elasticity
measurements were performed by one radiologist for all breast cancers, and
therefore, an inter-observer agreement could not be evaluated. However, intraobserver reliability for in vivo elasticity measurement with SWE was
evaluated and showed an almost perfect agreement (ICC for Emax, 0.875-0.912)
in this study. Our results are comparable to that of a previous multinational
BE1 study (8), which showed intra-observer reliability for maximum elasticity
as almost perfect (ICC=0.84).
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In conclusion, the quantitative in vivo elasticity measurements using
SWE showed a moderate level of correlation with the ex vivo elasticity
measurements in the human breast cancers. The qualitative SWE feature of
signal void area was correlated to intratumoral necrosis or substantial tumor
stiffness and therefore might potentially be used as an indicative finding of
malignancy.
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초 록

서론: 본 연구의 목적은 횡파 탄성 초음파를 이용한 유방암의
정량적, 정성적인 생체 내 계측 탄성도를 생체 외 계측 탄성도 및
병리적 특성과 비교하고자 한다.
방법: 본 연구는 임상시험 심사위원회의 승인을 받았으며, 모든
대상 환자로부터 서면 동의서를 받았다. 30 개의 침윤성 유방암에
대하여 횡파 탄성 초음파를 이용하여 생체 내 계측 탄성도 (단위,
kilopascals [kPa])를 측정하고 압입 시험 장비를 이용하여 비슷한
압력 하에서 생체 외 탄성도를 측정하였다. 횡파 탄성 초음파를
통해 얻은 유방암의 정량적 탄성도 값 (최대값, 평균값, 최소값,
그리고

표준편차)

와

정성적

탄성도

소견

(최대

탄성도

색,

탄성도의 균질성, 그리고 종괴 내 무신호) 을 분석하였다. 유방암의
수술 후 검체에서 초음파 단면과 일치하는 두께 5mm 의 대표
절편에 대해 압입 시험을 시행하였다. 이후 섬유성 기질의 양 (1 점:
적음, 2 점: 보통, 3 점: 많음)과 종괴 내 괴사 유무를 평가하였다.
Pearson 상관계수를 이용하여 생체 내와 생체 외에서 계측한 정량적
조직 탄성도 값 간의 상관성을 분석하였다. Kruskal-Wallis test 를
이용하여
비교하였다.

조직병리학적
횡파

탄성

특성에

따른

초음파의

정량적
정성적

탄성도
탄성도

값을
소견과

조직병리학적 소견을 비교하였다.
결과: 30 개 유방암의 조직학적 유형은 일반형 침윤성 관암종이었다.
침윤성 종양의 최대 직경은 평균 22.8mm ± 7.2 (범위, 11-43 mm) 였다.
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섬유성

기질을

많이

가진

유방암일수록

높은

생체

외

계측

탄성도를 보였다. 생체 외 계측 탄성도의 중위수 값은 섬유성 기질
점수 1 점에서 20.5 kPa, 2 점에서 118.0 kPa, 그리고 3 점에서
200.3kPa 였다 (P=.001). 생체 내 계측 탄성도의 최대값은 생체 외
계측 탄성도의 최대값과 중등도 (moderate) 의 상관성을 보였다
(r=0.552, P=.002; r=0.530, P=.003). 유방암의 43% (30 개 중 13 개)
에서 종괴 내부에 탄성도 신호가 나타나지 않는 정성적인 소견을
보였다. 상기의 정성적인 소견을 보인 13 개의 유방암 중 2 개는
종괴 내 해당 부위에 육안적인 괴사를 동반하였다 (생체 외 계측
탄성도 중위수 값, 62.6 kPa). 나머지 괴사를 동반하지 않은 11 개의
유방암에서는 섬유성 기질 침윤이 많았으며 높은 생체 외 계측
탄성도 값을 보였다 (중위수, 279.3 kPa). 상기의 정성적 소견을
보이지 않은 17 개의 유방암은 육안적 괴사를 동반하지 않았으며
낮은 생체 외 계측 탄성도 값을 보였다 (중위수, 45.3 kPa) (P<.001).
결론: 횡파 탄성 초음파를 이용한 생체 내 계측 정량적 탄성도는
생체 외 계측 탄성도와 중등도의 상관성을 보였다. 종괴에 탄성도
신호가 나타나지 않는 정성적 소견은 종괴 내부의 육안적 괴사
또는 종괴의 높은 탄성도와 연관성이 있었으며, 이는 유방암을
시사하는 소견이 될 수 있다.
---------------------------------------------------------------------------------------------주요어: 유방암, 횡파 탄성 초음파, 생체 내 탄성도, 압입 측정, 생체
외 탄성도
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