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1. Introduction
Owing to its recognized clinical utility, ultrasound imaging
has been fully integrated into routine practice at different
phases of the management of patients with breast lesions
patients, including breast masses characterization, biopsy
guidance, follow-up of probably benign masses, axillary
lymph nodes examination, and surgical planning [1-3].
In addition, recent results demonstrated the significant
contribution of breast ultrasound imaging in screening for
mammographically occult cancers [4-5]. However, breast
ultrasound imaging suffers from some limitations.
Despite the development of the Breast Imaging-Reporting
and Data System (BI-RADS®) for ultrasound developed by
the American College of Radiology (ACR), the standardization
of breast ultrasound exams and of the reporting on
findings can still be challenging. Several works reported
poor inter-observer agreement for the overall malignancy
risk assessment on ultrasound, especially for BI-RADS 3
and 4 masses [6].
When used for breast lesion characterization, ultrasound
benefits from a high sensitivity (usually above 90% for
invasive cancers) and negative predictive value (NPV; above
90%). However, as many as 40-50% of biopsies prompted
by grayscale ultrasound are for benign lesions, which
therefore could be avoided [1]. In parallel, theoretically less
than 2% of BI-RADS 3, probably benign lesions, proves
ultimately to be malignant, some of those being highgrade invasive cancers, which mimic cysts or complicated
cysts with debris. Therefore, an early identification and
biopsy of those few malignancies, instead of short-term
follow-up, could obviously improve treatment outcomes.
In biopsy-proven cancers, ultrasound usually underestimates
the measurement of tumor size, and the pre-operative
ultrasound examination of the axilla in search for
metastatic lymph nodes tend to suffer from reduced
sensitivity (42% in a recent large scale experience [7]).
As the place and role of ultrasound imaging tends to
increase for breast cancer screening purposes, an
obstacle to its widespread use as a screening tool is the
very high number of false positives [4-5]. ShearWaveTM
Elastography (SWETM) based on supersonic shear imaging
can measure and map tissue stiffness in real-time and
has proven to be a valuable adjunct to conventional
ultrasound imaging. It can fully integrate routine ultrasound
breast examinations, with little extra examination time for
patients and physicians.

Furthermore, it has been demonstrated by close to 100
clinical studies and peer-reviewed publications that
breast tissue and breast lesion stiffness information helps
address most of the limitations of breast ultrasound.

2. Reliability of Breast Cancer
Risk Asessment
with Ultrasound
The addition of any new radiological information to the
highly-standardized BI-RADS® classification requires
that both the acquisition and the interpretation of the
new information demonstrate high reproducibility and
reliability, even though inter-observer agreement on
some BI-RADS features and assessments may only be
fair [6].
Although the measurement of tissue stiffness is affected by
the level of compression that is applied to the tissue [8],
using standardized technique and after training on 10
cases, Cosgrove et al reported excellent reproducibility
results from the prospective Breast Elastography 1 (BE1)
multinational study, which was run at 16 sites in Europe
and the USA [9].
Several other studies have reported almost perfect
intra-operator reproducibility and moderate to substantial
interobserver agreement [10-15], and 3 studies even
reported improved inter-observer agreement on breast
cancer risk assessment by adding SWETM evaluation to
grayscale evaluation (Table 1) [11;13;16]. Contrary to what
can be performed in experimental settings, both an
absolute lack of pressure and excessive compression of
tissue rarely occur in routine clinical practice because of
the need for minimal compression to produce good quality
images without causing patient harm or discomfort.
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Author

BI-RADS

BIRADS + SWETM

Gweon [11]

0.69

0.82

Lee [13]

0.56

0.65

Youk [16]

0.38

0.80

Variability of interpretation of breast ultrasound images
exists, despite standardization of reporting of ultrasound
findings.

Table 1. Increase of inter-observer agreement (kappa value) on
overall ancer risk assessment of breast masses by the addition of
SWETM evaluation to BI-RADS assessment.

2.1 “Almost perfect” repeatability of SWE
images and measurements

2.2 Improved inter-observer agreement on
cancer risk assessment of breast masses with
ultrasound (Table 1)

TM

Cosgrove et al compared 3 consecutive SWETM acquisitions
of 758 breast masses visible on ultrasound imaging. In
88% of the cases, the 3 SWETM images were evaluated
qualitatively to be very or reasonably similar, whereas
they were found to be dissimilar in only 8/758 masses
(1%). In the remaining 84 masses (11%), 2 out of 3 images
were evaluated to be of similar appearance.
Although this outcome was significantly impacted by
the irregularity of masses on grayscale imaging and by
presence of malignancy, rates of dissimilar acquisitions
remained very low (1.6% for irregular masses and 3.5% for
malignant masses) [9].
The intra-operator reproducibility of size and stiffness
measurements performed on the 3 SWETM images was
calculated with Intraclass Correlation Coefficients (ICC).
The reproducibility of size measurements (longest diameter,
perimeter and calculated area) was almost perfect with
ICC of at least 0.94, while stiffness measurements showed
substantial to almost perfect reproducibility, with ICC
ranging from 0.71 (Emin) to 0.87 (Emean). Size and stiffness
measurements appeared to be more reproducible on
benign than malignant masses, although ICCs were
still almost perfect (0.92) for size measurements and
substantial for Emean (0.71) in cancers [9].

Reducing variability is desirable in clinical practice. In their
study on 758 breast masses with grayscale ultrasound
imaging and SWETM , Cosgrove et al investigated the
inter-observer agreement of the reading of ultrasound
and SWETM images, with a blind review performed by an
independent expert reviewer.
For each of the 758 masses, 3 grayscale features and
3 elastographic features were assessed by the reviewer
and was compared to initial assessment. Inter-observer
agreement was calculated with weighted kappa, and
the highest value (k=0.66) was obtained for evaluation
of the maximum stiffness of the masses. In contrast,
agreement was lower for all grayscale features: k=0.58
for mass shape, k=0.53 for mass orientation and k=0.38
for mass margins. Interobserver agreement on BI-RADS
assessments was moderate (k=0.59) and poor for each of
the individual BI-RADS classes 3, 4a, 4b and 4c (k≤0.17)
[9]. Interobserver agreement on BI-RADS assessments
was lower than the agreement on maximum stiffness.
The potential of SWETM to improve consistency of
sonographic assessment of breast masses was further
supported by 3 other studies. Gweon et al evaluated
153 breast masses for inter-observer agreement of the
BI-RADS assessment and qualitative SWETM features
between 2 experienced radiologists who performed a
blind review of images acquired by other experts [11].
The agreement was substantial for the BI-RADS score
(k=0.69), for the color evaluation of maximum stiffness
(k=0.79), for the homogeneity of the SWETM map (k=0.77)
and for the SWETM pattern classification developed by
Tozaki et al [17] (k=0.64). It was only moderate for the
shape of the SWETM map (k=0.56).
The most reproducible combination of grayscale and
SWETM assessment providing almost perfect agreement
consisted in the combination of BI-RADS and maximum
stiffness (k=0.82).
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Similarly, Lee Et Al [13] Demonstrated on 219 breast
masses an increase of the inter-observer agreement of
the global ultrasound evaluation of breast masses, when
both BI-RADS and SWETM assessments were combined.
The evaluation of SWETM images consisted in a combination
of both homogeneity information and maximum stiffness,
in one scanning plane or in two orthogonal scanning
planes. The inter-observer agreement was calculated
using the readings from 5 blinded radiologists. Kappa
values increased from 0.56 with BI-RADS alone to 0.63
and 0.65, by combining elastographic evaluation in one
and two scanning planes, respectively. The agreement
between the 5 readers on the SWETM assessment alone
was k=0.76 with either one or two scanning planes.
Youk et al investigated the added value of 3D ultrasound
imaging with and without SWETM as compared to 2D
grayscale imaging [16]. On the population of 163 breast
lesions scheduled for ultrasound-guided biopsy, the interobserver agreement for some of the grayscale features
was increased by the addition of 3D evaluation: mass
shape (increase from k=0.61 to k=0.84), mass orientation
(increase from k=0.62 to k=0.89), and posterior acoustic
features (increase from k=0.57 to k=0.78). The agreement
on the overall cancer risk assessment using the BI-RADS
score was not improved (k=0.38). The agreement on the
overall cancer risk assessment increased from k=0.38 to
k=0.80 and k=0.73 by adding 2D-SWETM and 3D-SWETM
features respectively. The slight decrease of the kappa
value with 3D-SWETM , as compared to 2D-SWETM , was most
probably because the assessment of SWETM homogeneity
did not show the same level of agreement in 3D (k=0.63)
as compared with 2D (k=0.99).

3. Consistent Stiffness
Since the publication of the first prospective study on
48 mammographically occult non-palpable lesions
detected at ultrasound [18], the average stiffness values of
breast tissue and lesions have been reported by several
independent studies, in different clinical settings and on
different populations, thus providing a complete overview
of breast stiffness.

3.1 Stiffness of normal breast tissue
The stiffness values of normal breast tissue have been
established to be between 3 and 9 kPa in fatty tissue, and
between 11 and 50 kPa in fibroglandular tissue [18-20].
Rzymski et al specifically designed their study to evaluate
the variations of stiffness values in both glandular and
fatty breast tissue in healthy subjects depending on
several clinical and physiological factors. In 101 women
of mean age 43 years, mean stiffness in the breast gland
was 11.28+/-5.79 kPa, while it was 9.24+/-4.48 kPa in fatty
tissue. Statistically significant differences were observed
between inner and outer quadrants for both glandular
(12.4+/-6.4 kPa versus 10.9+/-8.3 kPa, respectively)
and fatty tissue (10.6+/-5.3 kPa versus 8.1+/-4.7 kPa,
respectively). The stiffness of glandular tissue was found
to correlate positively with age, whereas stiffness of fatty
tissue correlated positively with the overall duration of
lactation [19].

3.2 Stiffness values of breast lesions
Significant differences in stiffness values between benign
and malignant breast lesions have been reported by
13 studies (Table 2 and Figure 1). On average, malignant
lesions were found to be 3.7 times stiffer than benign
lesions, with a cancer/benign stiffness ratio ranging from
2.3 [13] to 5.3 [21]. The average stiffness value of benign
lesions never exceeded 60 kPa and was equal to or below
50 kPa in 11/13 studies. In contrast, the average stiffness
value of malignant lesions was found to be above 100 kPa
in all studies, and even above 130 kPa in 12 of them.
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Author

Nb lesions

		

Mean age

Stiffness of

Stiffness of benign

Stiffness ratio

(years)

cancers (kPa)

masses (kPa)

cancer/benign

Athanasiou [18]

48

58

146.6+/-40.05

45.3+/-41.1

3.2

Au [21]

123

49

130.7+/-84.1

24.8+/-22.1

5.3

Berg [22]

939

52

179

41

4.4

Berg [23]

1562

52

180

43

4.2

Chang [24]

182

48

153.3+/-58.1

46.1+/-42.9

3.3

Chang [25]

150

48

150+/-52.3

47.3+/-44.3

3.2

Dobruch-sobczak [26]

84

54

145.7

41.1

3.6

Ko [27]

34

46

107.5+/-74.6

42.6+/-30.4

2.5

Lee [13]

156

44

137.4+/-68.5

59.2+/-91.1

2.3

Tanter [20]

15

53

179+/-41

55+/-21

3.3

Tozaki [17]

100

54

146+/-80

42+/-28

3.5

Youk [28]

389

46

157.5

40.5

3.9

Youk [14]

130

47

140.7+/-58.5

34.8+/-17.7

4.0

Table 2.
Average+/-SD or median (Berg) values of maximum stiffness of benign and malignant breast lesions, measured as the mean or maximum (Berg)
value within the ROI placed over the stiffest area in or adjacent to the lesions.

Figure 1.
Average values of breast lesions maximum stiffness across 13 peer-reviewed publications according to their pathological status (benign or
malignant).

6

4. Improved Diagnosis
of Breast Cancer
Breast ultrasound has long been recognized as
the method of choice for the characterization of
symptomatic and/or screen-detected breast lesions,
owing to its high sensitivity and NPV. However, it suffers
from average specificity and positive predictive value
(PPV) usually reported to be in the range of 40-60%
in the context of breast lesion characterization [6], and
even lower (around 10-20%) for ultrasound screening of
breast cancer [4].

The overall difference in stiffness between benign and
malignant breast lesions has been initially proposed as
a potential additional differentiating factor that could
improve the global evaluation of breast cancer risk
by ultrasound imaging [18;20]. Indeed, by providing
complementary stiffness information, the evaluation of
breast lesions with SWE TM proved to complement the
morphological assessment of the malignancy risk. This
proved to be especially true for oval, circumscribed
breast masses with no other suspicious features on
grayscale imaging. In these probably benign and
low suspicion masses, SWE TM evaluation could help
eliminate false negative cases, while still significantly
reduce false positive cases [22].
When stiffness had been considered as the only
criterion for malignancy risk assessment, diagnostic
performances of SWETM showed an increase in specificity
as compared to the BI-RADS® evaluation, with a
concomitant decrease in sensitivity [17; 29-30]. In these
studies, the BI-RADS® classification sensitivity was
reported to be perfect (100%) while specificity was very
low in the context of breast lesion characterization
(38.7% [17] and 14.3% [29]), which may highlight a
possible bias in patients’ recruitment. Kim and Yoon
focused their analyses on the identification of factors
associated with false positive and false negative
outcomes of SWE TM . Lesion size and depth [29], breast
thickness [29-30], patients’ age [30], the presence of an
echogenic halo on grayscale ultrasound [30] were found
to be correlated with higher risks of false diagnosis
with SWE TM . These results have highlighted the need to
consider these parameters when interpreting stiffness
images and informat ion; however, none of t hese
studies evaluated the combination of lesions BI-RADS
assessment with SWE TM information.

4.1 Reduction of false positives of breast
ultrasound
The ability of SWETM assessment to increase the specificity
and the PPV for biopsy recommendation of breast
ultrasound has been demonstrated by an increasing
number of studies in the context of diagnostic ultrasound
(Figures 2 and 3). By selectively reconsidering the decision
to biopsy BI-RADS 4a lesions looking nonsuspicious on
SWETM , and at the same time reconsidering the decision
to follow-up BI-RADS 3 lesions looking suspicious on
SWETM , one could expect to decrease the number of
breast ultrasound false positive cases, while properly
assessing the few false negative cases [21;22;27]. Several
elastographic criteria have been proposed to evaluate the
level of suspicion of BI-RADS 3 and 4a lesions such as the
maximum stiffness within or adjacent to the lesion [21-22],
the mean stiffness of the stiffest area within or adjacent
to the lesion [21;27], the homogeneity of the SWETM map
[22] and the stiffness ratio between the stiffest part of the
lesion and the subcutaneous fatty tissue [21] (Table 3).
Author
SWETM criterion
Suspicious
		
level for
			
Berg [22]

Maximum
Red
stiffness (color)		

Berg [22]

Maximum
stiffness (value)

160 kPa

Heterogeneous
SWETM map
homogeneity
(aggressive rule)
			
			
			
Berg [22]

Lee [31] Maximum stiffness
N/A
		(color)
Lee [31] Maximum stiffness
		

N/A
(value)

Non-suspicious
for BI-RADS 4a
BI-RADS 3
Blue (aggressive rule)
Dark blue (conservative rule)
80 kPa (aggressive rule)
Reasonably-to-very
homogeneous
(aggressive rule)
Very homogeneous
(conservative rule)
Dark blue
65 kPa (aggressive rule)
30 kPa (conservative rule)

Ko [27]
Mean stiffness
N/A
		(value)

41.6 kPa

Au [21]
Maximum stiffness
N/A
		(value)

46.7 kPa

Au [21]
Mean stiffness
N/A
		(value)

42.5 kPa

Au [21]
Stiffness ratio
N/A
		(lesion/fat)

3.65

Table 3. List of SWETM criteria that have been considered to improve
breast ultrasound specificity and Positive Predictive Value.
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Figure 2.
Increase of diagnostic performances of breast ultrasound (gray bars) when stiffness assessment by SWETM was combined to the BI-RADS assessment
(blue bars). All studies but one reported a statistically significant increase in specificity, while there was no significant change in sensitivity. The
study by Zhou et al showed contradictory results as compared to other studies probably because they used a diagnostic threshold between BIRADS 4a and 4b for the morphological evaluation of the malignancy risk, which explains the low sensitivity, and the slight decrease in specificity
after the combination of SWETM information.
* The study published by Lee et al in 2014 was performed on a population who underwent screening ultrasound for breast cancer. The mix of
screening and diagnostic populations in Asian countries may explain he very low specificity of conventional breast ultrasound in Gweon’s and Lee’s
reports, which appeared to be compensated by the addition of SWETM stiffness assessment.

Figure 3.
Increase in Positive Predictive Value for biopsy recommendation with ultrasound, by adding SWETM features to morphological lesions assessment.

8

This benefit was also demonstrated and confirmed in
the context of screening ultrasound [31]. The specificity
could have been increased from 17.4% for initial BI-RADS®
assessment to 62% if BI-RADS 4a lesions appearing
with a homogeneous dark-blue SWETM map would have
been selectively downgraded to follow-up. No change in
sensitivity would have been observed (91.7%), meaning
that no cancer would have been moved from biopsy to
follow-up.
In mid-2013, elasticity imaging has been added to the 2nd
edition of the BI-RADS® lexicon for ultrasound imaging [2],
while in 2014, the Korean Society of Ultrasound in
Medicine (KSUM) published its “Practice guideline for
the performance of breast ultrasound elastography”. The
society recommended that BI-RADS 4a lesions that are
negative on elastography could be considered for shortterm follow-up instead of biopsy, while elastography
positive BI-RADS 3 lesions could be considered for
biopsy [32].
In addition, elastography-negative BI-RADS 3 lesions could
be considered for routine instead of initial short-term
follow-up.

4.2 Improved sensitivity of breast ultrasound
SWETM evaluation of breast lesions has also shown to
improve the ability of ultrasound imaging to properly
detect breast cancer within the characterization
framework. Using a threshold of 50 kPa, Evans et al
achieved a significant increase in both sensitivity and NPV
of breast ultrasound, from 95% to 100% and from 90% to
100% respectively, by considering biopsy for masses that
would be either scored BI-RADS 4 to 5 or with a mean
stiffness over 50 kPa [10].
Looking at lesions that are usually categorized as “low
suspicion masses” on ultrasound, i.e. which appear oval,
circumscribed, with no other suspicious sign, Berg et al
found that the addition of maximum stiffness could help
improve significantly the sensitivity of ultrasound from
0% to 100% [22]. Although this conclusion must be taken
with great caution due the limited number of cancers in
this subgroup of breast masses (only 4 in this study), there
seems to be a high potential for SWETM imaging and stiffness
measurement to properly identify the most suspicious
masses within the subset of “low suspicion lesions”.

In patients undergoing second-look ultrasound after
positive magnetic resonance imaging (MRI) findings,
SWETM imaging helped to perform biopsy under ultrasound
guidance by improving the visualization of subtle or
difficult-to-target breast lesions [33]. Of the 96 BI-RADS
4 and 5 lesions on dynamic contrast-enhanced MRI that
were recruited, 29 were malignant. Twenty-two of these
cancers could be properly targeted for ultrasoundguided
biopsy during second-look ultrasound exam, of which
5 invasive carcinomas (4 ductal and 1 lobular) that could only
be targeted thanks to SWETM . When added to second-look
ultrasound after MRI, SWETM increased the sensitivity of
breast ultrasound by 29% and helped target cancers for
ultrasound-guided biopsy.

5. Information for Treatment
Planning and Monitoring
5.1 Pre-operative assessment
of breast cancer size
Ultrasound imaging usually stands as the imaging
modality that underestimates the most the size of breast
cancers. The extension of peritumoral stiffness beyond
3 mm from the lesion borders seen on ultrasound has
been proven to be associated with this underestimation
of the histological cancer size [34]. In this retrospective
study, 86 patients undergoing breast conserving surgery
for breast cancer were analyzed. The cancer size was
underestimated by more than 5 mm in 40% of cases using
grayscale ultrasound alone. This rate could be reduced to
12% by adding the size of peritumoral stiffness seen on
SWETM maps, thus leading to an accurate measurement of
lesion size, within 2 mm of the actual histological size, in
53.5% of the cases. In another study, the histologic size
of 29 cancers after excision could be compared to that
measured on grayscale images and stiffness maps.
B-mode size was significantly lower than histologic size
on average (13.5 mm versus 17.0 mm; p<0.001), while no
significant difference could be observed between stiffness
map size (18.5 mm) and histologic size (p=0.698) [35].
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5.2 Cancer aggressiveness
and prognostic information
Prognostic information is usually determined from histological
and pathological analysis of biopsy samples, and mainly
includes cancer sub-typing and immunohistochemical
phenotyping.
Significant relationships have been demonstrated by
univariate analysis between stiffness of breast cancer

and prognostic factors, such as cancer invasive size,
lympho-vascular invasion, lymph nodes involvement
and histologic cancer grade, thus providing important
prognostic information at the stage of diagnostic imaging.
However, these factors should be considered depending
on the size of the mass, which was demonstrated to
correlate as well with stiffness values in benign and
malignant masses (Table 4) [23-24;37].

Author
Nb
<10 mm
10-19 mm
				

20-29 mm
or >20 mm

>30 mm

P value

Chang [37]

337

90.1+/-48.7

127.2+/-50.3

165.6+/-53.3

N/A

<0.0001

Lee [38]

30

N/A

112.1+/-59.4

173.2+/-66.4

214.4+/-68.9

0.071

Ganau [39]

216

105.12+/-64.1

123.45+/-54.62

148.04+/-70.51

N/A

0.005

Evans [40]

101

64+/-23

129+/-66

156+/-45

N/A

<0.0001

Table 4. Average and standard deviation of breast cancer maximum stiffness as a function of tumor size.

5.2.1 Stiffness and histo-pathologic severity
Maximum stiffness of breast masses has been shown to
correlate with their histo-pathologic severity [23].
In this study performed on a prototype equipment,
on which stiffness values were capped at 180 kPa per
equipment design, invasive cancers were reported to be
at the highest end of the stiffness range, with a median
value of 180 kPa (range: 138-180 kPa).
Lower median stiffness values were then found for ductal
carcinomas in situ (DCIS) at 126 kPa (range: 71-180 kPa),
followed by high-risk lesions (median: 71 kPa; range:
32-172 kPa), and usual benign lesions, including fibrocystic
changes, fibrosis and fibroadenomas (median: 45 kPa;
range: 27-85 kPa).
Lipomas were reported to be on the lowest end of the
stiffness range, with a median value of 14 kPa (range:
8-15 kPa). Authors concluded that maximum stiffness
values measured by SWE TM can be considered as a
predictor of histopathologic severity.
The difference observed between invasive cancers and DCIS
was confirmed by other works (Table 5 and Figure 4).
Author

DCIS

This finding suggests that biopsy-proven DCIS could very
likely be upgraded to IDCs at surgical excision if their
maximum stiffness reaches 180 kPa or more. Per Table 5,
invasive lobular carcinomas (ILC) seem to be of similar
stiffness as IDC (Figure 5), although in some publications,
they were reported to be stiffer [24;38; 40-41]. In their
work published in 2016, Brkljaçiç and al confirmed on a
homogeneous group of 40 pure ILC that they were slightly,
although significantly, stiffer than IDC in general (average
EMax values of 210.6 kPa versus 191.6 kPa, respectively,
p<0.005), the difference being even more obvious in
lesions of or below 1.5 cm in size (average EMax values of
198.3 kPa versus 176.2 kPa, respectively, p<0.005).
No significant difference could be observed between
ILC and IDC over 1.5 cm in size [41].Mucinous cancers are
generally considered to be soft tumors, however strain
elastography tended to show that they were stiffer than
the surrounding breast tissue [42]. Average stiffness
values of mucinous cancers measured with SWETM were
reported to range from 95 kPa to 270 kPa. Most authors
found values higher or like those of IDCs,
except one study which concluded that they were softer
than other cancer subtypes [40] (Table 6).
IDC

ILC

Au [36]			

270.65+/-41.51 (241-300)

Chang [24]			

190.9 (N/A)

Chang [37]

177.2 (medullar) (N/A)

95.5+/-65.4 (N/A)

Evans [40]

96+/-89 (tubular) (N/A)

105+/-40 (N/A)

Ganau [39]

122.35+/-50.94 (N/A)		

Lee [38]		
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182.9+/-50.8 (N/A)

94.81+/-19.58 (N/A)

195.9 (N/A)

Table 6. Average, standard deviation and range of maximum stiffness values of other breast cancer subtypes.

Figure 4.
Average maximum stiffness values of invasive ductal carcinomas (red) and ductal carcinomas in situ (orange) reported in
6 peer-reviewed publications.

Author

DCIS

IDC

ILC

Au [36]

95.36+/-72.11 (37-221)

169.76+/-86.94 (20-300)

300.0 (N/A)

126 (IQR=71-180)

180 (IQR=162-180)

180 (IQR=124-180)

Chang [24]

117.8+/-54.72 (47-193)

157.5+/-57.07 (58-300)

169.5+/-61.06 (108-284)

Chang [37]

N/A

147.9+/-57.04 (N/A)

149+/-51.7 (N/A)

Evans [40]

N/A

139+/-56 (N/A)

181+/-67 (N/A)

Ganau [39]

N/A

130.92+/-65.68 (N/A)

136.06+/-71.24 (N/A)

82.+/-50.3 (N/A)

142.8+/-86.4 (N/A)

N/A

N/A

191.6+/-41.3 (N/A)

210.6+/-35.5 (N/A)

79.23+/-42.67 (16-107)

182.21+/-86.35 (25-300)

N/A

Berg [23]

Ko [27]
Brkljacic [41]
Lee [43]

Table 5.
Average, standard deviation and range of maximum stiffness values of main breast cancer subtypes.

Author

Nb cancers

LVI<0

LVI>0

P value

Au [36]

72

147+/-82.2

209+/-53.3

0.004

Evans [40]

101

133+/-60

154+/-56

0.0077

Youk [45]

161

138.3+/-44.6

187.7+/-58.3

<0.0001

Table 7.
Average and standard deviation of breast cancer maximum stiffness as a function of lymphovascular invasion status.
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Figure 5.
Biopsy-proven invasive lobular cancer in a 69-year-old patient. On
grayscale ultrasound (bottom), the lesion appeared as hypoechoic
with indistinct margins in the lower half of the box. A secondary
irregular and hypoechoic area could be observed in the upper half
of the box surrounded by breast glandular tissue. On SSWE imaging
(top), a very heterogeneous pattern could be observed, showing a
lack of SWETM signal within the main hypoechoic lesion, increased
stiffness values at its periphery (> 180 kPa), as well as next to the
secondary hypoechoic area. Courtesy of B Brkljačić, MD and G Ivanac,
MD, Department of Diagnostic and Interventional Radiology, University
Hospital “Dubrava”, Zagreb, Croatia.

Figure 6.
Biopsy-proven Grade 3 Invasive Ductal Carcinoma assessed with
ultrasound imaging prior to core-needle biopsy. On grayscale
ultrasound imaging (bottom image) the mass showed as an oval,
circumscribed, hypo echoic solid mass, located at 1 o’clock and 6 cm
from the nipple. The mass was scored BI-RADS 4C. The SSWE map
(top image) had a highly heterogeneous appearance. The circular
ROI positioned over one of the stiffest areas in adjacent tissue (solid
line) measured the maximal stiffness value of 164.6 kPa. Courtesy of
K. Schilling, MD, Department of Radiology, Lynn Women’s Institute
Center for Breast Care, Boca Raton Regional Hospital, Boca Raton,
FL, USA.

Author

Nb cancers

LN<0

LN>0

P value

Au [36]

72

154.4+/-87.2

204.1+/-87.7

0.04

Chang [37]

337

144.2+/-56.9

158.7+/-60.2

0.012

Evans [40]

98

126+/-53

157+/-61

<0.0001

Lee [38]

30

127.5+/-60.4

197.6+/-72.1

0.005

Youk [45]

166

139.5+/-46.7

162.3+/-53.9

0.018

Table 8.
Average and standard deviation of breast cancer maximum stiffness as a function of axillary lymph nodes status.

Author

Nb cancers

Grade I

Grade II

Grade III

P value

Au [36]

72

127.4+/-76.8

131.5+/-78.5

163.4+/-77.9 (trend)

0.247

Chang [37]

337

117.2+/-53

132+/-57.7

165+/-52.4

<0.0001

Evans [40]

101

88+/-62

143+/-55

147+/-58

<0.0001

Ganau [39]

216

112.09+/-55.35

141.95+/-73.76

130.31+/-55.92

NS

Youk [45]

159

110.5+/-36.1

149.7+/-41.5

185.5+/-52.7

<0.0001

Table 9.
Average and standard deviation of breast cancer maximum stiffness as a function of histologic grade.
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Author

Nb

ER+

HER2+

TNBC

P value

Chang [37]a

337

136.9+/-57.2

160+/-56.2

169.1+/-48.5

<0.0001

Ganau [39]

216

121.6+/-44.0

107.88+/-42.34

125.82+/-49.08

Ns

Youk [45]

166

139.6+/-47.8

155.4+/-53.2

163.1+/-47.6

N/a

Table 10.
Average and standard deviation of breast cancer maximum stiffness as a function of immuno-histochemical phenotype. ER+: cancer
cells overexpressing Estrogen Receptors; HER2+: cancer cells overexpressing Human Epidermal growth factor Receptor 2; TNBC:
triple negative breast cancers.

5.2.2 Stiffness and cancer aggressiveness
A significant correlation has been demonstrated between
breast cancer maximum stiffness and increased lesion
vascularization (Table 7), metastatic lymph nodes (Table 8),
and histological grade (Table 9). As an example, Figure 6
llustrates a Grade 3 IDC presenting with a high maximal
stiffness value of 164.6 kPa.
Breast cancer maximum stiffness has been demonstrated
by Evans et al to be an effective predictor of lymph node
metastasis, especially when associated with tumor size,
tumor type and vascular invasion [44]. Several works
reported increased stiffness values for high histological
grade cancers (Table 9), however, Berg et al found
the opposite conclusion for masses equal or below 9 mm
in size, which could be explained by central necrosis in
high-grade cancers [23].

Figure 7.
Biopsy-proven Grade 3 Invasive Ductal Carcinoma assessed with A
biopsy-proven triple negative breast cancer in a 66-year-old patient,
showing as a large 25 x 30 mm solid mass on grayscale ultrasound
(bottom). On SSWE imaging, highest stiffness values appeared to be
localized in the periphery of the mass. The maximal stiffness value
measured was 165.6 kPa, and stiffness ratio between the mass and
the fatty reference tissue was 7.78. Courtesy of B Brkljačić, MD and G
Ivanac, MD, Department of Diagnostic and Interventional Radiology,
University Hospital “Dubrava”, Zagreb, Croatia.

5.2.3 Stiffness and immuno histochemical
phenotype

5.3 Monitoring and prediction of response
to neo-adjuvant chemotherapy

Cancers overexpressing Estrogen Receptors (ER+)
appeared to be significantly softer than ER- cancers; no
significant differences could be demonstrated depending
on the overexpression or not of Human Epidermal growth
significant differences could be demonstrated depending
on the overexpression or not of Human Epidermal growth
factor Receptor 2 (HER2+), although a trend may exist.
Triple negative breast cancers (TNBC) were found to
be significantly stiffer than ER+ and HER2+ cancers in
some experiences (Figure 7) [38;46], whereas in others,
no difference could be found [40] (Table 10). Two studies
concentrated on TNBC. They reported varying or benign
SWETM features, for this subtype of breast cancers which
is already known to appear with benign ultrasound signs
[46-47]. Džoiç Dominkoviç et al reported an average
maximum stiffness of 166.85+/-64.71 kPa for TNBC versus
226.63+/-54.1 kPa for other invasive cancers (p<0.05)
and concluded that TNBC were softer than other more
common types of invasive cancers [46]. Boisserie-Lacroix
et al evaluated the global radiological signs of TNBC and
reported stiffness values for 17 cases, ranging from 0 to
232 kPa [47].

In patients with invasive breast cancer undergoing
preoperative neo-adjuvant chemotherapy (NACT), significant
correlations have been reported between pre-operative
stiffness values and responsiveness to treatment Preoperative stiffness measured on 25 patients correlated with
post-treatment percentage of residual cellularity (Pearson’s
R=0.35; p<0.0001) and with the residual cancer burden score
(Pearson’s R=0.23; p=0.004),which assesses the response to
NACT by taking into consideration the post-NACT primary
tumor dimensions, the cellularity of the tumor bed and the
axillary lymph node burden [48].
The proof of concept for using SWETM measurements to monitor
breast cancers during NACT started with a feasibility study on
10 patients. In this study, the use of 3D-SWETM during treatment
proved to be useful to monitor its effectiveness. Decrease in
tumor stiffness and heterogeneity was associated with
response to treatment [49].
This benefit was confirmed by another study completed on
71 patients undergoing NACT for grade II and III invasive
breast cancers before surgery. Eighty-six percent of patients
were found to have residual cancer after completion of NACT
and showed on average higher maximum stiffness values
than those without residual cancer (116.0 ± 74.1 kPa versus
26.4 ± 21.0 kPa; p<0.001).
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