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Purpose: To evaluate the additional value of shear-wave elastogra-
phy (SWE) to B-mode ultrasonography (US) and to deter-
mine an appropriate guideline for the combined assess-
ment of screening US-detected breast masses.

Materials and 
Methods:

This study was conducted with institutional review board 
approval, and written informed consent was obtained. 
From March 2010 to February 2012, B-mode US and SWE 
were performed in 159 US-detected breast masses before 
biopsy. For each lesion, Breast Imaging Reporting and 
Data System (BI-RADS) category on B-mode US images 
and the maximum stiffness color and elasticity values on 
SWE images were assessed. A guideline for adding SWE 
data to B-mode US was developed with the retrospective 
cohort to improve diagnostic performance in sensitivity 
and specificity and was validated in a distinct prospective 
cohort of 207 women prior to biopsy.

Results: Twenty-one of 159 masses in the development cohort and 
12 of 207 breast masses in the validation cohort were 
malignant. In the development cohort, when BI-RADS 
category 4a masses showing a dark blue color or a max-
imum elasticity value of 30 kPa or less on SWE images 
were downgraded to category 3, specificity increased from 
9.4% (13 of 138) to 59.4% (82 of 138) and 57.2% (79 of 
138) (P , .001), respectively, without loss in sensitivity 
(100% [21 of 21]). In the validation cohort, specificity in-
creased from 17.4% (34 of 195) to 62.1% (121 of 195) 
and 53.3% (104 of 195) (P , .001) respectively, without 
loss in sensitivity (91.7% [11 of 12]).

Conclusion: The addition of SWE to B-mode US improved diagnostic 
performance with increased specificity for screening US-
detected breast masses. BI-RADS category 4a masses de-
tected at US screening that showed a dark blue color or a 
maximum elasticity value of 30 kPa or less on SWE images 
can be safely followed up instead of performing biopsy.
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Ultrasonography (US) is used as a 
supplemental screening test in 
women with dense breast tissue 

and in high-risk women who cannot un-
dergo magnetic resonance (MR) imaging 
for any reason (1). Although mammog-
raphy remains the reference standard 
for breast cancer detection, in women 
with dense breasts, mammographic 
sensitivity may decrease to as low as 
30%–48% (2,3) because noncalcified 
breast cancers are often obscured by 
the surrounding and overlying dense pa-
renchyma. Supplemental screening US 
has the potential to depict these small, 
node-negative breast cancers not seen 
at mammography and has been shown 
to increase cancer detection by an ad-
ditional 4.2 cancers per 1000 high-risk 
women versus mammography alone. 
However, a substantial increase in the 
number of false-positive findings has re-
mained a major limitation of screening 
breast US (4,5). Therefore, reducing 
unnecessary biopsies and short-term 
follow-up is an important consideration 
for breast screening with US.

Materials and Methods

The institutional review board approved 
this prospective study and written in-
formed consent forms were provided 
by all participating women. Our hospi-
tal offered SWE in addition to B-mode 
US for women who were scheduled for 
biopsy or surgery since March 2010.

Patients and Breast Lesions
Development cohort.—Between March 
2010 and February 2012, 166 women 
who underwent SWE before percuta-
neous core needle biopsy for masses 
detected by using US imaging were 
retrospectively identified. Four women 
with breast implants and three women 
without quantitative elasticity measure-
ments were excluded. In nine women 
with multiple breast lesions, only the 
most suspicious single mass was in-
cluded from each woman. Finally, 159 
women (mean age, 45.6 years 6 9.9; 
age range, 21–79 years) with 159 breast 
masses (mean size, 1.1 cm 6 0.6; range, 
0.3–4.0 cm) constituted the initial de-
velopment cohort. All women were 
asymptomatic, and 25 women (15.7%) 
had a family history or personal history 
of breast cancer. Mammography was 
performed in 143 women with negative 
findings. The interval between mam-
mography and breast US was a mean of 
14 days (range, 0–64 days).

Shear-wave elastography (SWE) is 
a quantitative elastographic technique 
based on the local estimation of shear-
wave propagation speed. The elastic mod-
ulus of soft tissue, which is proportional 
to the square of shear-wave speed, is 
calculated and displayed as a color-coded 
image in real time (6). The SWE features 
that were studied thus far include both 
quantitative (ie, mean and maximum elas-
ticity, lesion-to-fat elasticity ratio, size ra-
tio relative to B-mode imaging) and qual-
itative assessments (ie, color assessment 
of maximum elasticity and homogeneity 
of elasticity in the mass or surrounding 
tissue), and several studies have shown 
that these SWE features can improve the 
specificity of B-mode US without loss of 
sensitivity (7–10). Recently, a multi-na-
tional study of 939 masses showed that 
the best-performing SWE feature was a 
color assessment of maximum elasticity, 
which is correlated to maximum elas-
ticity measured in kilopascals (7). The 
study suggested that a light blue color or 
stiffness less than 80 kPa were sufficient 
criteria to downgrade Breast Imaging 
Reporting and Data System (BI-RADS) 
category 4a masses to category 3, and 
a red color or stiffness greater than 160 
kPa were sufficient criteria to upgrade 
BI-RADS category 3 masses to category 
4a. However, those criteria were set for 
breast masses detected at diagnostic US, 
including palpable masses (376 of 939, 
40%). We hypothesized that different 
guidelines may be needed for screening 
US-detected breast masses because most 
breast masses detected at screening US 
are small in size and relatively soft (4,10).

Therefore, the purpose of our study 
was to evaluate the additional value of 
SWE to B-mode US and to determine 
an appropriate guideline for the com-
bined assessment of screening US-de-
tected breast masses.
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Advances in Knowledge

 n Shear-wave elastography (SWE) 
improved the diagnostic perfor-
mance of B-mode US to distin-
guish benign from malignant 
breast masses detected by 
screening: when Breast Imaging 
Reporting and Data System  
category 4a masses showing a 
dark blue color or a maximum 
elasticity value of 30 kPa or less 
on SWE images were down-
graded to category 3, specificity 
of B-mode US increased from 
17.4% (34 of 195) to 62.1% 
(121 of 195) and 53.3% (104  
of 195), respectively (P , 
.001), without loss in 
sensitivity.

 n In our prospective cohort, 
screening US-detected breast 
cancers were small (mean, 0.8 
cm; range, 0.4–1.7 cm) with rel-
atively low elasticity values 
(mean, 84.3 kPa; range, 15.3–
192.6 kPa).

Implication for Patient Care

 n SWE is useful to evaluate 
screening US-detected breast 
masses as an addition to conven-
tional B-mode US because it de-
creases the need for biopsy of 
US category 4a lesions.



BREAST IMAGING: Added Value of Shear-Wave Elastography for Evaluation of Breast Masses Lee et al

Radiology: Volume 273: Number 1—October 2014 n radiology.rsna.org 63

Of 159 breast masses, 21 masses 
(13.2%) were malignant and 138 mass-
es (86.8%) were benign. All lesions 
were confirmed through US-guided core 
needle biopsy (14-gauge automated gun 
or 11-gauge vacuum assisted). Among 
the lesions, 45 lesions were surgically 
excised after US-guided needle locali-
zation. The mean duration of imaging 
follow-up with US for the lesions with 
benign biopsy findings was 25 months 
(range, 18–42 months), and lesion 
stability was confirmed in all cases. 
This retrospective data from the de-
velopment cohort were used to build a 
guideline for combining B-mode US and 
SWE, which was applied prospectively 
in a validation cohort.

Validation cohort.—After an in-
terval of 2 months, we prospectively 
enrolled patients with screening US-
detected breast masses from April to 
October 2012 to validate the guidelines 
determined from the development co-
hort. Among 972 women screened, 
we included a total of 207 consecutive 
women (mean age, 45.5 years 6 9.9; 
age range, 21–74 years) who under-
went percutaneous core needle biopsy 
for 207 breast masses detected by us-
ing US imaging (mean size, 1.0 cm 6 
0.5; range, 0.2–3.3 cm) and fulfilled the 
inclusion and exclusion criteria men-
tioned above. Among them, 23 women 
(11.1%) had a family history or per-
sonal history of breast cancer. As in the 
development cohort, all lesions were 
confirmed through US-guided core 
needle biopsy (14-gauge automated gun 
or 11-gauge vacuum-assisted). Surgical 
excision was performed in 23 lesions. 
The duration of imaging follow-up with 
US for lesions with benign biopsy find-
ings was a mean of 15 months (range, 
11–18 months), and lesion stability was 
confirmed in all cases.

US Examinations
B-mode US and SWE images were ob-
tained with a US system (Aixplorer; 
SuperSonic Imagine, Aix en Provence, 
France) equipped with a 15–4-MHz linear-
array transducer (SL 15-4; SuperSonic  
Imagine) in both development and val-
idation cohorts. US examinations were 
performed by one of five radiologists 

(S.H.L., J.M.C., W.H.K., M.S.B., and 
H.R.K.) with knowledge of the clinical 
and mammographic findings. All radiol-
ogists had 3–7 years of breast US expe-
rience and at least 3 months of expe-
rience (at least 50 cases) with SWE of 
breast lesions before this study. At least 
two orthogonal B-mode US images were 
obtained for each breast mass, and the 
BI-RADS final assessment categories 
were recorded before elastographic im-
aging. The expected malignancy rate of 
BI-RADS categories are as follows: cate-
gory 3 (probably benign), 2% likelihood 
of malignancy or less; category 4a (low 
suspicion of malignancy), greater than 
2% to 10% likelihood of malignancy; 
category 4b (intermediate suspicion of 
malignancy), greater than 10% to 50% 
likelihood of malignancy; category 4c 
(moderate suspicion of malignancy), 
greater than 50% to 95% likelihood of 
malignancy; and category 5 (highly sug-
gestive of malignancy), 95% or greater 
likelihood of malignancy. SWE images 
were acquired at a plane that showed 
the largest diameter of the breast mass.
Customized presets of SWE parame-
ters were used, with the preference 
of penetration mode in cases of poor 
penetration. A color-coded map of tis-
sue elasticity representing the elastic 
modulus in kilopascals at each pixel 
was obtained with a default color scale 
ranging from 0 (dark blue; soft) to 180 
kPa (red; stiff). Quantitative elasticity 
values were measured by using two 
2-mm circular quantification regions of 
interest (Q-box). One was placed on 
the stiffest portion of the mass includ-
ing immediate adjacent stiff tissue and 
the other, on normal fatty tissue.

Development of Guideline for Combining 
B-Mode US and SWE
To develop a guideline for combining B-
mode US and SWE, maximum stiffness 
color with a four-point scoring system 
(1, dark blue; 2, light blue; 3, green to 
orange; 4, red) and maximum elastic-
ity values of breast masses, considered 
to be the two best-performing SWE 
parameters according to a breast elas-
tography multinational study (7), were 
reviewed by two radiologists (S.H.L. 
and J.M.C.).

We established a guideline for rec-
ommending biopsy by adding SWE to 
B-mode BI-RADS assessment in which 
BI-RADS category 4a lesions were 
downgraded to BI-RADS category 3 
by using specific cut-off points of max-
imum stiffness color and maximum 
elasticity in the development cohort. 
We selected cut-off points of maximum 
stiffness color and maximum elasticity 
in which no malignancy was included 
(ie, conservative strategy) or that had 
positive predictive values (PPVs) of less 
than 2% (ie, aggressive strategy). We 
also analyzed SWE features of masses 
that were BI-RADS category 3 for pos-
sible recommendation of biopsy. In the 
validation cohort, radiologists were in-
structed to use these guidelines derived 
from the development cohort when 
they combined B-mode US and SWE.

Image Evaluation in Validation Cohort
For the validation cohort, radiologists 
who performed breast US imaging as-
sessed the likelihood of malignancy by 
using B-mode US findings alone and by 
using the combined dataset of B-mode 
US and SWE. The likelihood of ma-
lignancy score was recorded from 0% 
to 100% combined with the BI-RADS 
assessment categories. Guidelines for 
the combined assessment of B-mode 
US and SWE, derived from the devel-
opment cohort, were provided at the 
time of the examination. The radiolo-
gists were allowed to choose either con-
servative or aggressive strategies for a 
breast mass according to the examin-
er’s decision.

Data Analysis
Mean maximum elasticity values were 
compared between benign and malig-
nant masses by using the independent 
samples t test. In the development co-
hort, the PPV for malignancy according 
to the BI-RADS category and qualita-
tive or quantitative SWE features were 
evaluated, and the sensitivity and spec-
ificity of B-mode US were compared 
with those of combined B-mode US and 
SWE, with the guidelines hypothetically 
applied, by using the McNemar test. BI-
RADS category 4a or higher was con-
sidered to indicate a positive test result 
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for malignancy. For the validation co-
hort, prospective reader performance 
was assessed by receiver operating 
characteristic curve analysis with the 
likelihood of malignancy score (0%–
100%), and it was compared between 
B-mode US and combined B-mode US 
and SWE images by using the method 
described by DeLong et al (11). In ad-
dition, the sensitivity and specificity of 
B-mode US were compared with those 
of combined B-mode US and SWE un-
der the prospectively or hypothetically 
applied guideline.

Two-tailed P values of less than .05 
were considered to indicate a statisti-
cally significant difference. All statisti-
cal analyses were performed by using 
software (MedCalc version 12.5.0.0 
for Microsoft; MedCalc Software, Mar-
iakerke, Belgium).

Results

Diagnostic Performance in the 
Development Cohort
Of 159 screening US-detected breast le-
sions, 21 were malignant (Table 1). As 
for SWE features, the maximum stiff-
ness color was dark blue for 78 mass-
es (49.0%), light blue for 47 masses 
(29.6%), green to orange for 25 mass-
es (15.7%), and red for nine masses 
(5.7%). Malignant masses showed 
higher quantitative elasticity values 
(maximum elasticity, 119.0 kPa 6 52.2 
[standard deviation]; range, 55.2–220.3 
kPa) than benign masses (41.4 kPa 6 
32.1; range, 5.3–172.4 kPa]) (P , .001) 
(Fig 1). The PPV of maximum stiffness 
color was 0% (0 of 78) for dark blue, 
8.5% (four of 47) for light blue, 40.0% 
(10 of 25) for green to orange, and 78% 
(seven of nine) for red colors (Table 2). 
The PPV of maximum elasticity value of 
30 kPa or less was 0% (zero of 74) and 
the PPV of maximum elasticity value of 
65 kPa or less was 1.8% (two of 114). 
Of 114 masses with maximum elasticity 
of 65 kPa or less, two were malignant 
(one category 4a and the other cate-
gory 4b). For conservative strategy, cut-
off points of maximum stiffness color 
of dark blue or maximum elasticity of 
30 kPa or less were selected, whereas 

Table 1

Demographic and US Features of Development and Validation Cohorts

Parameter Development Cohort Validation Cohort P Value

Age (y)* 45.6 6 9.9 (21–79) 45.5 6 9.9 (21–74) .851
Family history of breast cancer 14 (8.8) 10 (4.8) .140
Personal history of breast cancer 11 (6.9) 13 (6.3) .834
Mammographic breast density .211
 Grade 1 0 (0) 0 (0)
 Grade 2 15 (10.5) 14 (7.6)
 Grade 3 90 (62.9) 105 (57.1)
 Grade 4 38 (26.6) 65 (35.3)
US size of breast masses (cm)*
 Benign 1.1 6 0.5 (0.3–2.9) 1.0 6 0.5 (0.2–3.3) .061
 Malignant 1.4 6 0.9 (0.6–4.0) 0.8 6 0.3 (0.4–1.7) .057
BI-RADS category ,.001
 3 13 (8.2) 35 (16.9)
 4a 127 (79.9) 168 (81.2)
 4b 10 (6.3) 3 (1.4)
 4c 7 (4.4) 1 (0.5)
 5 2 (1.2) 0 (0)

Maximum stiffness color .900

 Dark blue 78 (49.0) 108 (52.2)
 Light blue 47 (29.6) 59 (28.5)
 Green to orange 25 (15.7) 31 (15.0)
 Red 9 (5.7) 9 (4.3)
Maximum elasticity .657
 0 to 30 kPa 74 (46.5) 90 (43.5)
 .30 to 65 kPa 40 (25.2) 64 (30.9)
 .65 to 150 kPa 36 (22.6) 44 (21.3)
 .150 kPa 9 (5.7) 9 (4.3)
Pathologic result .017
 Benign 138 (86.8) 195 (94.2)
  Fibrocystic change 55 (39.9) 73 (37.4)
  Fibroadenoma 43 (31.2) 79 (40.5)
  Papilloma 15 (10.9) 15 (7.7)
  Adenosis 11 (8.0) 5 (2.6)
  Ductal epithelial hyperplasia 6 (4.3) 13 (6.7)
  Columnar cell change 3 (2.2) 6 (3.1)
  Benign phyllodes tumor 2 (1.4) 1 (0.5)
  Lobular carcinoma in situ 1 (0.7) 0 (0)
  Radial scar 1 (0.7) 0 (0)
  GLM 1 (0.7) 0 (0)
  Chronic granulomatous  

  inflammation
0 (0) 3 (1.5)

 Malignant 21 (13.2) 12 (5.8)
  Invasive ductal carcinoma 13 (61.9) 9 (75.0)
  Invasive lobular carcinoma 1 (4.8) 0 (0)
  Tubular carcinoma 0 (0) 1 (8.3)
  Ductal carcinoma in situ 7 (33.3) 2 (16.7)

Note.—Data are number of women unless otherwise indicated. Data in parentheses are percentages except where indicated. 
There were 159 women in the development cohort and 207 women in the validation cohort. GLM = granlumoatous lobular 
mastitis.

* Data are mean 6 standard deviation; data in parentheses are ranges.
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Table 2

Positive Predictive Values for Malignancy according to BI-RADS  
Category and SWE Parameters in the Development and 
Validation Cohorts

Parameter Development Cohort (%) Validation Cohort (%)

BI-RADS category
 3 0 (0/13) 2.9 (1/35)
 4a 5.5 (7/127) 4.8 (8/168)
 4b 60 (6/10) 66.7 (2/3)
 4c 90 (6/7) 100 (1/1)
 5 100 (2/2) NA
SWE parameter
 Maximum stiffness 

color
  Dark blue 0 (0/78) 0.9 (1/108)
  Light blue 8.5 (4/47) 10.2 (6/59)
  Green to orange 40 (10/25) 9.7 (3/31)
  Red 77.8 (7/9) 22.2 (2/9)
 Maximum elasticity
  30 kPa 0 (0/74) 1.1 (1/90)
  65 kPa 1.8 (2*/114) 3.2 (5†/154)
  150 kPa 77.8 (7/9) 22.2 (2/9)

Note.—Data in parentheses are numerator and denominator. NA = not applicable (ie, no 
cases were found).

* Two malignancies included a 0.5-cm grade III invasive ductal carcinoma (BI-RADS category 
4a) and a 3-cm high-grade ductal carcinoma in situ (BI-RADS category 4b).
† Five malignancies included a 1.7-cm ductal carcinoma in situ (BI-RADS category 3); a 
1.0-cm low grade ductal carcinoma in situ, a 0.7-cm grade II invasive ductal carcinoma, a 
0.5-cm grade I invasive ductal carcinoma (BI-RADS category 4a); and a 1.0-cm grade I 
invasive ductal carcinoma (BI-RADS category 4b).

Figure 1

Figure 1: Images in a 66-year-old woman with grade III invasive ductal car-
cinoma in the development cohort. B-mode US image (bottom) shows a 1.2-cm 
irregular hypoechoic mass classified as BI-RADS category 4b. SWE image (top) 
shows high stiffness (maximum stiffness color, red) with a maximum elasticity 
of 153 kPa.

of BI-RADS category 4 were as follows: 
4.8% (eight of 168) for category 4a, 
67% (two of three) for category 4b, 
and 100% (one of one) for category 
4c. For SWE, maximum stiffness color 
was dark blue for 108 masses (52.2%), 
light blue for 59 masses (28.5%), green 
to orange for 31 masses (15.0%), and 
red for nine masses (4.3%). Malignant 
masses showed higher maximum elas-
ticity (mean, 84.3 kPa 6 54.2; range, 
15.3–192.6 kPa) than did benign mass-
es (mean, 47.1 kPa 6 38.1; range, 
5.5–178.3 kPa) (P = .002). Of 12 ma-
lignancies, five (42%) showed maxi-
mum elasticity of 65 kPa or less (one 
category 3 mass with less than 30 kPa; 
three category 4a and one category 4b 
masses with 30–65 kPa) (Table 2).

The area under the receiver oper-
ating characteristic curve of B-mode 
US was 0.700 (95% confidence inter-
val: 0.625, 0.761), the sensitivity was 

4a masses were downgraded to cat-
egory 3 if they had maximum elastic-
ity of 65 kPa or less, the specificity 
increased to 81.1% (112 of 138) (P 
, .001). There was a nonstatistically 
significant decrease in sensitivity to 
95.2% (20 of 21) (P = .999). A 0.5-cm 
high-grade invasive ductal carcinoma 
with a maximum elasticity of 55.2 kPa 
was downgraded to category 3 by using 
this criterion (Fig 2).

Prospective Reader Performance in 
Validation Cohort
Of the 207 lesions in the validation 
cohort, 12 (5.8%) were malignant 
and 195 (94.2%) were benign. The 
rate of malignant masses in the vali-
dation cohort was lower than that in 
the development cohort (P = .017) 
(Table 1). There was one malignancy 
among the 35 BI-RADS category 3 
masses (2.9%). The malignancy rates 

maximum elasticity of 65 kPa or less 
was selected for aggressive strategy. 
We emphasized the potential effect of 
adding SWE features to B-mode US to 
downgrade BI-RADS category 4a le-
sions because there was no malignancy 
in BI-RADS category 3 masses.

The sensitivity and specificity 
of B-mode US were 100% (21 of 21) 
and 9.4% (13 of 138), respectively. 
Detailed information regarding sensi-
tivities and specificities of breast US 
when these guidelines were hypothet-
ically applied to the development co-
hort are summarized in Table 3. When 
BI-RADS category 4a masses were 
downgraded to category 3 if they had 
maximum stiffness color of dark blue 
or maximum elasticity of 30 kPa or 
less, the specificity increased to 59.4% 
(82 of 138) and 57.2% (79 of 138) (P 
, .001), respectively, without loss in 
sensitivity. When BI-RADS category 
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low-grade DCIS showed a maximum 
elasticity of 44.9 kPa. There were no 
changes in the sensitivity (91.7%, 
11 of 12), and biopsy decision for 
12 malignant masses was the same.  
One malignancy with BI-RADS category 
3 (low-grade ductal carcinoma in situ) 
showed dark blue color and maximum 
elasticity of 15.3 kPa (Fig 5).

Hypothetical reader performances 
that strictly followed one strategy are 
shown in Table 3. Higher specificity 
with lower sensitivity was achieved with 
the aggressive strategy than with the 
conservative strategy.

Discussion

Overall diagnostic performance and 
specificity of B-mode US for screen-
ing-detected breast masses were sig-
nificantly improved without loss in 
sensitivity when BI-RADS category 4a 

elasticity of 30 kPa or less (n = 70) to 
category 3. For 54 category 4a masses 
with maximum elasticity between 30 
kPa and 65 kPa, radiologists chose the 
aggressive strategy (follow-up recom-
mendation) in 40 masses (74%) and 
conservative strategy (biopsy recom-
mendation) in 14 masses (26%). The 
maximum stiffness color of those 40 
masses that underwent the aggressive 
strategy was dark blue in 17 (43%) and 
light blue in 23 (58%) masses, whereas 
the maximum stiffness color of all 14 
masses that underwent the conserva-
tive strategy was light blue. As for all 
three category 4a cancers with maxi-
mum elasticity between 30 kPa and 65 
kPa, the radiologists chose the conser-
vative strategy. The maximum elastic-
ity was 61.0 kPa for a 1.0-cm invasive 
ductal carcinoma with histologic grade 
II and 57.6 kPa for a 1.5-cm grade I 
invasive ductal carcinoma. A 1.0-cm 

92% (11 of 12), and the specificity was 
17.4% (34 of 195) (Table 3). When 
SWE elasticity data were combined 
with B-mode US by the radiologists 
by using one of the guidelines regard-
ing downgrading BI-RADS category 4a 
mass that was derived from the devel-
opment cohort (either conservative or 
aggressive strategies), the area under 
the receiver operating characteristic 
curve increased to 0.879 (95% confi-
dence interval: 0.826, 0.920) compared 
with B-mode US alone (P = .002). Spec-
ificity increased to 73.8% (144 of 195) 
(P , .001). Regarding management 
decisions (ie, either follow-up or bi-
opsy), biopsy was correctly changed to 
follow-up for 58.0% (110 of 195) of be-
nign masses by SWE (Fig 3). Of 168 BI-
RADS category 4a masses, 65.5% (110 
of 168) were downgraded to category 
3 (Fig 4). The radiologists downgraded 
all category 4a masses with maximum 

Table 3

Diagnostic Performance of Conventional B-Mode US and 
B-Mode US Combined with SWE

Parameter AUC Sensitivity* Specificity*

Development cohort
 B-mode US category
  3–4a NA 100 (21/21) 9.4 (13/138)
 B-mode US and SWE
 Hypothetical assessment, 

4a downgrade
  Ecol dark blue NA 100 (21/21) 59.4 (82/138)†

  Emax 30 kPa NA 100 (21/21) 57.2 (79/138)†

  Emax 65 kPa NA 95.2 (20/21) 81.1 (112/138)†

Validation Cohort
 B-mode US Category
  3–4a 0.700 91.7 (11/12) 17.4 (34/195)
 B-mode US and SWE
 Prospective assessment 0.879† 91.7 (11/12) 73.8 (144/195)†

 Hypothetical assessment, 
4a downgrade

  Ecol dark blue NA 91.7 (11/12) 62.1 (121/195)†‡

  Emax 30 kPa NA 91.7 (11/12) 53.3 (104/195)†‡

  Emax 65 kPa NA 66.7 (8/12) 79.0 (154/195)†

Note.—AUC = area under the receiver operating characteristic curve, NA = not applicable.

* Data are percentages with numbers of malignancies or numbers of masses in parentheses.
† Significant difference compared with B-mode US category (P , .05).
‡ Significant difference between maximum stiffness color (Ecol) of dark blue or lighter and 
maximum elasticity (Emax) of 30 kPa or less (P , .05).

Figure 2

Figure 2:  Images in a 57-year-old woman with grade III invasive ductal 
carcinoma in the development cohort. B-mode US image (bottom) shows a 
0.7-cm hypoechoic mass with an indistinct margin classified as BI-RADS 
category 4a. SWE image (top) shows mild stiffness (maximum stiffness color, 
light blue) with maximum elasticity of 55.2 kPa. The mass would be down-
graded to BI-RADS category 3 by using an aggressive strategy.
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masses that showed a dark blue color 
or a maximum elasticity value of 30 kPa 
or less on SWE were downgraded to 
category 3. The radiologists were al-
lowed to downgrade BI-RADS category 
4a masses to category 3 in an aggres-
sive strategy to achieve the highest 
specificity when the maximum elasticity 
was 30 kPa or less, or even when it was 
65 kPa or less. Cut-off points of 30 kPa 
and 65 kPa were derived from our de-
velopment cohort, in which the PPVs of 
SWE were 0% to 1.8%.

The strength of our study is that the 
results are not derived from a single co-
hort, they are prospectively validated 
with another cohort. In many studies on 
SWE, different cut-off values or criteria 
were used to differentiate malignancy 
and benign lesions (7–10), and even 
though the number of lesions included 
in several of the studies was large, it 
was not validated with a different study 
population. Because our development 
cohort was collected retrospectively 
and our validation group was collected 
prospectively, there were some differ-
ences in malignancy rate and BI-RADS 
final assessment category. However, 
the size of the screening US–detected 
lesions were not different among the 
groups, and both groups shared in com-
mon other imaging features, including 
the SWE pattern.

The implementation of screening 
US has yielded not only increased can-
cer detection, but also high numbers 
of unexpected small lesions with low 
PPV (4,5,12). Elastography has been 
suggested to help distinguish benign 
lesions from suspicious solid masses 
and should reduce false-positive find-
ings (4). In many previous research 
studies, improvement in diagnostic per-
formances occurred by adding elastog-
raphy to increase specificity to discrim-
inate benign lesions from malignancies 
(7,13–15). This was also noted in our 
study, and with the aggressive strat-
egy, an increase in specificity was much 
larger than with the use of the conser-
vative strategy.

Regarding the US-detected cancer 
characteristics, the results of our study 
revealed that screening US–detected 
malignancies were small in size and 

Figure 4

Figure 4: Scatterplots between maximum elasticity (E
max

) values on SWE images and BI-RADS category 
assessed with (a) B-mode US and (b) combined dataset of B-mode US and SWE.

Figure 3

Figure 3: Images in a 44-year-old woman with fibroadenoma at core needle bi-
opsy in the validation cohort. B-mode US image (bottom) shows an oval lobulated 
hypoechoic mass classified as BI-RADS category 4a. SWE image (top) shows a 
homogeneous maximum stiffness color of dark blue with a maximum elasticity 
of 21.7 kPa. When patient underwent combined assessment of B-mode US and 
SWE, the mass was downgraded to BI-RADS category 3 by the radiologist.
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red or maximum elasticity of 160 kPa 
or greater was used for upgrading BI-
RADS category 3 masses detected by 
using diagnostic US (7). In our study, 
there were no masses that fulfilled the 
criteria among the BI-RADS category 3 
masses detected at screening US. There 
was one malignancy with BI-RADS cat-
egory 3 that showed low elasticity value 
(maximum stiffness color, dark blue; 
maximum elasticity, 15.3 kPa). In the 
screening setting, the malignancy rate 
of BI-RADS category 3 lesions is by 
definition, very low, and there may be 
controversies in upgrading category 3 
lesions to category 4a based on high 
elasticity values on SWE for screening 
US-detected lesions (19,20). Unlike our 
results, there were several reports in 
which SWE was used complementa-
rily to B-mode US imaging to identify 
benign-looking invasive breast cancers 
(7,16). More investigation on these BI-
RADS category 3 masses is warranted 
in future studies.

There were several limitations to 
our study. First, it was a single insti-
tutional study and included a relatively 
small number of screening US-detect-
ed malignancies. However, the small 
number of malignancies may befit that 
of a screening population, although it 
may impair the reliability of the statisti-
cal analysis. Second, the number of BI-
RADS category 3 masses was limited. 
In our study, we only included screen-
ing US-detected lesions before biopsy. 
As a result, we only included BI-RADS 
category 3 masses with histologic con-
firmation conducted by the decision 
of the patient or referring physician. 
Third, this study was performed in the 
real clinical setting, thus interobserver 
and intraobserver agreement were not 
evaluated. However, it is known (21,22) 
that SWE is highly reproducible, and 
all radiologists who participated in the 
SWE data acquisition were instruct-
ed to reduce technical errors such as 
that from compression or the motion 
of the transducer before participating 
in this study. Fourth, the reasons for 
the decisions of the radiologists regard-
ing choice of the appropriate guideline 
(ie, conservative or aggressive) and the 
correlation with experience were not 

Figure 5

Figure 5: Images in a 43-year-old woman with low-grade ductal carcinoma in 
situ in the validation cohort. B-mode US image (bottom) shows an oval isoechoic 
mass classified as BI-RADS category 3. SWE image (top) shows a homogeneous 
maximum stiffness color of dark blue with maximum elasticity of 15.3 kPa. 
When patient underwent combined assessment of B-mode US and SWE, the 
mass was classified as BI-RADS category 3 by the radiologist.

showed relatively low quantitative elas-
ticity values. This finding is consistent 
with previous reports (10,16–18) that 
showed that small lesions have lower 
elasticity values and higher false-nega-
tive rates. In addition, the mean elas-
ticity values of malignant masses (84.3 
and 119.0 kPa) were lower than those 
in previous studies (146.6 and 153.3 
kPa) (8,10); the mean visual colors of 
malignant masses on SWE images were 
green to orange (72–144 kPa) in our 
study, whereas red colors (144–180 
kPa) were seen in the previous studies 
when a 0–180-kPa color scale was used. 
As a result, our criteria for screening 
US–detected breast masses were lower 
compared with a previous study (7) 
that used 80 kPa to downgrade BI-
RADS category 4a masses detected by 
using a diagnostic US setting.

In our study, the aggressive strat-
egy was applied to more than 60% (110 
of 168) of BI-RADS category 4a lesions 
in the validation cohort. However, all 

three category 4a cancers with elas-
ticity values lower than 65 kPa were 
not downgraded, which was the exam-
iner’s decision. The experience of the 
examiner or patient factors could have 
affected the decision-making in terms 
of which guideline to use. By using the 
conservative strategy of downgrading 
BI-RADS category 4a masses with a 
maximum stiffness color of dark blue 
(or maximum elasticity  30 kPa) to 
category 3 in both the development 
and validation cohorts, a significant 
increase in specificity was achieved 
without sensitivity loss. As for the com-
parison of the two scales (maximum 
stiffness color and maximum elastic-
ity) that were used for the conservative 
strategy, downgrading BI-RADS cate-
gory 4a masses with maximum stiffness 
color of dark blue showed a significantly 
higher specificity than that of maximum 
elasticity of 30 kPa or less (P , .001). 
In the breast elastography multinational 
study, a maximum stiffness color of 



BREAST IMAGING: Added Value of Shear-Wave Elastography for Evaluation of Breast Masses Lee et al

Radiology: Volume 273: Number 1—October 2014 n radiology.rsna.org 69

evaluated. Last, our decision to per-
form biopsy or follow up the validation 
cohort did not affect the clinical prac-
tice of patient management.

In conclusion, the addition of SWE 
to B-mode US improved diagnostic per-
formance with increased specificity for 
screening US-detected breast masses. 
When applying SWE to screening US, 
we suggest the use of a conservative 
strategy downgrading BI-RADS cat-
egory 4a masses with a maximum 
stiffness color of dark blue (or maxi-
mum elasticity  30 kPa) to category 
3, which will potentially lead to an 
increase in the PPV of screening US, 
without missing cancers.
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