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Purpose: To investigate the value of the combined use of elastogra-
phy and color Doppler ultrasonography (US) with B-mode 
US for evaluation of screening US–detected breast masses 
in women with dense breasts.

Materials and 
Methods:

This prospective, multicenter study included asymptom-
atic women with dense breasts who were referred for 
screening US between November 2013 and December 
2014. Eligible women had a newly detected breast mass at 
conventional B-mode US screening, for which elastogra-
phy and color Doppler US were performed. The following 
outcome measures were compared between B-mode US 
and the combination of B-mode US, elastography, and 
color Doppler US: area under the receiver operating 
characteristic curve (AUC), sensitivity, specificity, positive 
predictive value (PPV), and the number of false-positive 
findings at screening US.

Results: Among 1021 breast masses (mean size, 1.0 cm; range, 
0.3–3.0 cm) in 1021 women (median age, 45 years), 68 
were malignant (56 invasive). Addition of elastography 
and color Doppler US to B-mode US increased the AUC 
from 0.87 (95% confidence interval [CI]: 0.82, 0.91) to 
0.96 (95% CI: 0.95, 0.98; P , .001); specificity from 
27.0% (95% CI: 24.2%, 29.9%) to 76.4% (95% CI: 
73.6%, 79.1%; P , .001) without loss in sensitivity (95% 
CI: 21.5%, 1.5%; P . .999); and PPV from 8.9% (95% 
CI: 7.0%, 11.2%) to 23.2% (95% CI: 18.5%, 28.5%; P , 
.001), while avoiding 67.7% (471 of 696) of unnecessary 
biopsies for nonmalignant lesions.

Conclusion: Addition of elastography and color Doppler US to B-mode 
US can increase the PPV of screening US in women with 
dense breasts while reducing the number of false-positive 
findings without missing cancers.
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mammography, US, or MR imaging 
who were referred for breast US.

Our purpose was to investigate the 
value of the combined use of elastog-
raphy and color Doppler US with B-
mode US for evaluation of screening 
US–detected breast masses in women 
with dense breasts. We hypothesized 
that the diagnostic accuracy and PPV of 
screening US would increase with the 
addition of elastography and color Dop-
pler US in women with dense breasts.

Materials and Methods

This prospective multicenter study 
was approved by the institutional re-
view board of each recruiting site, 
and written informed consent was ob-
tained from all participants between 
November 2013 and December 2014. 
Ten academic breast centers across 
four provinces in South Korea, where 
elastography and color Doppler US are 
routinely used for both screening and 
diagnostic breast US, participated this 
study. Investigators from each recruit-
ing site were fully instructed regarding 
the study protocol, including eligibility 
criteria, standardized data acquisition, 

breasts (6–10). However, a low posi-
tive predictive value (PPV) with a sub-
stantial number of false-positive find-
ings that cause unnecessary biopsies 
or short-interval follow-ups is a major 
limitation of screening US (11–13). 
According to the American College of 
Radiology Imaging Network protocol 
6666 (known as ACRIN 6666), the PPV 
for biopsies performed after screening 
US in high-risk women was 7.4% (18 
of 242) for incident screening, which is 
the current benchmark for breast US 
screening (14,15). However, the PPV 
for recall leading to biopsy is 24%–
37% for tomosynthesis and 24%–50% 
for magnetic resonance (MR) imaging 
(16–19).

US elastography and color Doppler 
US are additional techniques used to 
further characterize breast masses at 
US and have been incorporated into the 
new edition of the American College 
of Radiology Breast Imaging Report-
ing and Data System (BI-RADS) lex-
icon (20). In addition to morphologic 
assessment at B-mode US, acquisition 
of elasticity and vascularity information 
of a breast mass can increase the diag-
nostic accuracy of US for differentiation 
of benign masses from malignancies. 
Many previous single-center studies re-
ported that the specificity of breast US 
increases by either adding elastography 
alone or combining color Doppler US 
with B-mode US (21–26). A multina-
tional Breast Elastography 1 study per-
formed in the United States and Europe 
showed that the number of unneces-
sary biopsies for nonmalignant lesions 
can be reduced by the addition of elas-
tography to B-mode US imaging, and 
elastography was highly reproducible 
to help assess elastographic features 
of breast masses within and across ob-
servers (27,28). However, they included 
a heterogeneous group of women with 
breast masses revealed by palpation, 
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Advances in Knowledge

nn The combined use of elastogra-
phy and color Doppler US with 
B-mode US can increase the pos-
itive predictive value (PPV) for 
biopsy recommendation after 
screening US in women with 
dense breasts; PPV increased 
from 8.9% (95% confidence 
interval [CI]: 7.0%, 11.2%) to 
23.2% (95% CI: 18.5%, 28.5%; 
P , .001) while avoiding 67.7% 
(471 of 696) of unnecessary bi-
opsies for nonmalignant lesions 
without losing sensitivity (95% 
CI: 21.5%, 1.5%; P . .999).

nn Breast Imaging Reporting and 
Data System (BI-RADS) category 
3 and 4a masses, which are the 
most frequent findings and the 
major source of false-positive 
findings at screening US, can be 
downgraded to BI-RADS cate-
gory 2 when they show negative 
results at both elastography and 
color Doppler US; up to 79% 
(752 of 953) of false-positive 
findings, unnecessary biopsies, 
and short-term follow-ups for 
nonmalignant lesions can then be 
avoided without missing cancers.

Implication for Patient Care

nn Elastography and color Doppler 
US are useful for the evaluation 
of breast masses detected at 
screening US in women with 
dense breasts.

Mammography is a standard 
screening test that has been 
proven to reduce breast can-

cer–related mortality (1,2). However, 
dense breast parenchyma reduces the 
sensitivity of mammography by mask-
ing noncalcified breast cancers, which 
causes delayed diagnosis and worse out-
comes (3). Ultrasonography (US) is the 
most common supplemental screening 
modality in women with dense breasts 
because it is widely available, relatively 
inexpensive, and well tolerated by pa-
tients because it does not involve the 
use of ionizing radiation or intrave-
nous contrast material injection (4,5). 
Screening US can depict small, node-
negative invasive cancers that are occult 
at mammography; therefore, screening 
US as an adjunct to mammography can 
increase the sensitivity and detection 
rate of early cancers while reducing 
interval cancers in women with dense 
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Hz], appropriate algorithm to remove 
motion artifacts, maximum gain [85%–
90%], medium persistence, and box 
without angulation). Elastographic 
images were acquired at least twice 
and the most representative data with 
higher image quality were determined 
by the radiologist (33,34). The data 
acquisition procedure for elastography 
and color Doppler US took 3–5 minutes 
per case. Elasticity and vascularity for 
a lesion were interpreted according to 
the BI-RADS atlas (20) on the basis of 
qualitative assessment: elasticity was 
classified as soft, intermediate, and 
hard (Table E1 [online]); vascularity 
was classified as absent, vessels in rim, 
and internal vascularity. For intraductal 
and complex cystic and solid lesions, 
elasticity and vascularity of solid por-
tion of the index lesion were evaluated. 
Failure of elastographic data acquisition 
was defined as inadequate or poor im-
age quality by qualitative assessment 
previously described (33,34). Reasons 
for failure were reported subjectively by 
the radiologists.

Combination Criteria of B-Mode US and 
Elastography and/or Color Doppler US
The BI-RADS category and the proba-
bility of malignancy for the index breast 
mass were reassessed in consideration 
of elasticity and vascularity according to 
the predefined criteria. For combined 
assessment of B-mode US and elastog-
raphy or B-mode US and color Doppler 
US, the BI-RADS category and the prob-
ability of malignancy were upgraded by 
one category (ie, category 3 to 4a, 4a 
to 4b, 4b to 4c, and 4c to 5) if a breast 
mass showed hard elasticity or internal 
vascularity, remained unchanged for 
a mass with intermediate elasticity or 
vessels in rim, and were downgraded by 
one category if a breast mass showed 
soft elasticity or absent vascularity. 
When both elastography and color Dop-
pler US were combined with B-mode 
US, upgrading was performed for cases 
that showed results positive for cancer 
on both tests, defined as hard elasticity 
and internal vascularity, respectively. 
The BI-RADS category was not changed 
for cases showing discrepant results 
(ie, positive for cancer on one test and 

US systems were used for study enroll-
ment. Lesions were evaluated in at least 
two orthogonal planes (the radial and 
antiradial planes or transverse and longi-
tudinal planes) and sonographic features 
were described. Assessments for each 
lesion and for each breast overall were 
recorded on the basis of the expanded 
seven BI-RADS categories: category 1, 
negative; category 2, benign; category 3, 
probably benign; category 4a, low sus-
picion; category 4b, moderate suspicion; 
category 4c, high suspicion; and category 
5, highly suggestive of malignancy (20). 
Eligibility was determined at the time of 
the examination by the radiologist who 
performed the screening US, and women 
with a final assessment category of 3, 
4a, 4b, 4c, or 5 were invited to partic-
ipate the study. The BI-RADS category 
and the probability of malignancy on a 
percentage scale from 0% to 100% were 
prospectively recorded for the index 
breast mass at B-mode US: category 3, 
2% or less; category 4a, greater than 2% 
to 10%; category 4b, greater than 10% 
to 50%; category 4c, greater than 50% 
to less than 95%; and category 5, 95% 
or greater. Solid breast masses without 
features suspicious for cancer were clas-
sified as BI-RADS category 3 (31). The 
US criteria suggested by Yoon et al (32) 
was used for the subcategorization of BI-
RADS category 4. Typically, an oval mass 
with slightly indistinct margins was con-
sidered to be BI-RADS category 4a.

After acquiring informed consent 
from the eligible participants, elas-
tography and color Doppler US were 
performed by the same radiologist for 
the index breast mass, defined as the 
single breast lesion on B-mode US in 
each participant most suspicious for 
cancer. The order of elastography and 
color Doppler US was determined by 
the radiologist. Either strain elasto-
graphic (in five sites) or shear-wave 
elastographic (in six sites) images were 
acquired according to a US system of 
recruiting sites. The parameters were 
equal among institutions by using the 
same type of US system. Color Doppler 
US was performed by using standard-
ized parameter settings (pulse repeti-
tion frequency between 700–1000 Hz, 
wall filter as low as possible [50–100 

and interpretation procedures before 
the start of enrollment (29). This study 
is registered at ClinicalTrials.gov (Iden-
tifier: NCT01963624).

Study Participants
Eligible participants were asymptom-
atic women at least 30 years of age 
who presented for bilateral whole-
breast screening US that revealed one 
or more newly-detected breast masses 
at B-mode US classified as BI-RADS 
category 3 (probably benign), 4a (low 
suspicion for malignancy), 4b (moder-
ate suspicion for malignancy), 4c (high 
suspicion for malignancy), or 5 (highly 
suggestive of malignancy) with a recom-
mendation of short-interval follow-up 
or biopsy. Our institutions recommend 
screening mammography to women 
over 35 years of age. All patients were 
required to have a mammogram nega-
tive for cancer within 3 months of the 
US examination and heterogeneously 
dense or extremely dense parenchyma 
in at least one quadrant (30). An in-
dex lesion, in which elastography and 
color Doppler US were additionally 
performed, was defined as the single 
breast mass most suspicious for cancer 
with a maximum diameter of 3 cm in 
each participant. Women who had any 
known current malignancy, had signs 
or symptoms of breast cancer including 
palpable mass, focal pain, bloody nip-
ple discharge, skin redness, skin retrac-
tion or nipple inversion, had undergone 
breast surgery within the previous 12 
months, were pregnant or lactating, or 
had breast implants were excluded.

Image Acquisition and Interpretation
All US examinations were performed by 
one of 20 breast radiologists, with 2–25 
years of experience with breast US and 
color Doppler US and 2–5 years of expe-
rience with elastography. Bilateral whole-
breast screening US was performed by 
using one of two types of hand-held US 
systems equipped with a 14–6-MHz linear 
transducer in five sites (EUB or Hi-Vision 
system; Hitachi Medical, Chiba, Japan) 
and a system equipped with a 15–4-MHz 
linear transducer in six sites (Aixplorer; 
SuperSonic Imagine, Aix-en-Provence, 
France). In one of 10 study sites, both 
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characteristics by using an independent 
t test on the basis of estimates and stan-
dard errors for AUC increments. Statis-
tical analyses were performed with sta-
tistical software (SAS version 9.3; SAS 
Institute, Cary, NC).

Results

Of 1281 women enrolled, 1237 were el-
igible (Fig 1). Among them, a total of 
1021 women who underwent B-mode 
US, elastography, and color Doppler 
US for the index breast lesion and had 
a reference standard were included in 
the analysis. Of 1021 women (median 
age, 45 years; age range, 30–84 years), 
574 (56.2%) underwent prevalent US 
screening and the other 447 (43.8%) 
underwent incident US screening. De-
mographic and clinical characteristics 
of the study population are summarized 
in Table 1.

US Findings of Index Breast Lesions
The mean size of 1021 index breast 
lesions at B-mode US was 1.0 cm 
6 0.4 (standard deviation; median, 
0.9 cm; range, 0.3–3.0 cm). US fea-
tures according to BI-RADS lexicon 
are summarized in Table E2 (online). 

US would improve the AUC of B-mode 
US. A previous study (23) showed that 
the AUC of breast US increased from 
0.771 to 0.844 by adding elastography 
and color Doppler US. We estimated 
that 1256 samples would be needed to 
show this difference with 5% signifi-
cance (two sided) and 80% power while 
allowing for 10% missing data on the 
basis of a disease prevalence of 10% in 
the study population.

Comparisons were performed for 
the difference between B-mode US 
alone and three combined tests; B-mode 
US and elastography, B-mode US and 
color Doppler US, and B-mode US and 
both elastography and color Doppler 
US. AUC was compared by using the 
method of DeLong et al (35). Sensitiv-
ity and specificity were compared with 
the McNemar test. A generalized esti-
mating equation was performed to com-
pare PPV and negative predictive value. 
All tests were two sided, and P values 
of less than .017 were considered to 
indicate statistical significance by using 
Bonferroni correction for three compar-
isons in each outcome. The increase in 
AUC by elastography and color Doppler 
US was compared between subgroups 
according to participant and imaging 

negative for cancer on the other test). 
For cases that showed negative results 
on both tests, the BI-RADS category 
and the probability of malignancy were 
downgraded by one category. In cases 
of failed elastographic acquisition, com-
bined assessments of B-mode US and 
elastography and B-mode US, elastogra-
phy, and color Doppler US were deter-
mined by the results of B-mode US alone 
and B-mode US and color Doppler US, 
respectively. Management was based on 
recommendations of the higher of the 
two BI-RADS categories of B-mode US, 
and combined assessment of B-mode 
US, elastography, and color Doppler US.

Outcome Measures and Reference 
Standards

The primary outcome was the area un-
der the receiver operating characteristic 
curve (AUC) of breast US for differenti-
ating benign masses from malignancies. 
The secondary outcomes were lesion-
level sensitivity, specificity, PPV, and 
negative predictive value of breast US 
when BI-RADS category 4a or higher 
were considered as test-positive results. 
We also quantified false-positive find-
ings of screening US by calculating the 
number of short-term follow-ups and bi-
opsies recommended for nonmalignant 
breast lesions. The reference standard 
was a combination of biopsy results and 
US findings at 2-year follow-up. Biopsy 
results that showed breast cancer (ie, 
invasive carcinoma or ductal carcinoma 
in situ [DCIS]) were considered to be 
malignant. Excision was prompted for 
core biopsy results of atypical or high-
risk lesions including atypical ductal or 
lobular hyperplasia, atypical papilloma, 
lobular carcinoma in situ, and radial 
sclerosing lesion. Lesions stable or de-
creased at 2-year follow-up US without 
biopsy were considered to be nonma-
lignant. For increasing lesions during 
follow-up, biopsies were performed. A 
data and safety monitoring board was 
established to monitor the study pro-
gress every 6 months.

Statistical Analysis
The sample size was calculated accord-
ing to the hypothesis that the combined 
use of elastography and color Doppler 

Figure 1

Figure 1:  Study flow diagram.
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2.5 cm [range, 1.3–3.4 cm]). The vas-
cularity of the index breast lesions eval-
uated at color Doppler US was absent 
in 552 lesions (54.1%), vessels in rim in 
305 lesions (29.9%), and internal vas-
cularity in 164 lesions (16.1%). When 
hard elasticity and internal vascularity 
were considered to be positive results 
for each test, a total of 793 among 
1021 index lesions (77.7%) showed 
negative results at both tests; 128 le-
sions (12.5%) showed negative results 
at elastography but positive results at 
color Doppler US; 53 lesions (5.2%) 
showed positive results at elastography 
but negative results at color Doppler 
US; and 35 lesions (3.4%) showed pos-
itive results at both tests. Among the 
12 cases with failed elastography acqui-
sition, 11 showed negative results and 
the other one showed positive result at 
color Doppler US.

Histopathologic and Follow-up Results
Core-needle biopsy was performed for 
844 index lesions including 17 lesions 
that showed increased size at follow-up. 
Subsequent surgical excision was per-
formed in 178 biopsied lesions. A total 
of 68 lesions were diagnosed as malig-
nant: 12 DCIS, 47 invasive ductal carci-
noma, five invasive lobular carcinoma, 
two mixed invasive ductal and lobular 
carcinoma, one mucinous carcinoma, 
and one adenoid cystic carcinoma. 
More detailed histopathologic features 
of the detected cancers are shown in 
Table E3 (online). None of 17 lesions 
biopsied during the follow-up period 
were malignant. The most common 
histologic type of nonmalignant lesions 
was fibroadenoma followed by fibrocys-
tic change and intraductal papilloma 
(Table E4 [online]). Follow-up US im-
aging was performed for 177 index 
lesions; 127 lesions were stable and 
the remaining 50 lesions decreased or 
disappeared. The mean follow-up du-
ration was 27 months (range, 23–38 
months). During follow-up in a 49-year-
old woman, a new lesion associated 
with calcifications developed in a quad-
rant other than the index lesion of the 
ipsilateral breast. The lesion was diag-
nosed as DCIS at core-needle biopsy 
and subsequent surgical excision.

index breast lesions was soft in 695 
(68.1%), intermediate in 226 (22.1%), 
and hard in 88 (8.6%). For the other 12 
lesions (1.2%), elastographic data ac-
quisition failed because of deep lesion 
location (n = 8) or a thick breast (n = 4)  
(median lesion depth, 1.8 cm [range, 
1.0–2.4 cm]; median breast thickness, 

BI-RADS assessments according to the 
morphologic feature at B-mode US im-
aging were category 3 for 257 lesions 
(25.2%), category 4a for 675 lesions 
(66.1%), category 4b for 71 lesions 
(7.0%), category 4c for 11 lesions 
(1.1%), and category 5 for 7 lesions 
(0.7%) (Table 2). The elasticity of the 

Table 1

Participant Characteristics

Parameter Eligible (n = 1237) Analysis Set (n = 1021) Excluded (n = 216)

Age at enrollment (y)
  Mean 46.2 6 8.8 46.4 6 8.9 45.0 6 8.6
  Median* 45 (30–84) 45 (30–84) 44 (30–75)
Age group at enrollment (y)
  30–39 277 (22.4) 224 (21.9) 53 (24.5)
  40–49 582 (47.0) 471 (46.1) 111 (51.4)
  50 378 (30.6) 326 (31.9) 52 (24.1)
Menopausal status
  Premenopause 820 (66.3) 665 (65.1) 155 (71.8)
  Postmenopause 355 (28.7) 313 (30.7) 47 (21.8)
  Unknown 62 (5.0) 43 (4.2) 14 (6.5)
Family history of breast cancer
  Absent 1174 (94.9) 965 (94.5) 209 (96.8)
  Present 63 (5.1) 56 (5.5) 7 (3.2)
    First-degree relative 43 (3.5) 39 (3.8) 4 (1.8)
    Other relative 20 (1.6) 17 (1.7) 3 (1.4)
Personal history of breast cancer
  Absent 1183 (95.6) 971 (95.1) 212 (98.1)
  Present 54 (4.4) 50 (4.9) 4 (1.9)
Mammographic breast density†

  Heterogeneously dense 776 (62.7) 630 (61.7) 146 (67.6)
  Extremely dense 461 (37.3) 391 (38.3) 70 (32.4)
Interval between mammography and US (d)
  0 727 (58.8) 541 (53.0) 186 (86.1)
  1–30 406 (32.8) 376 (36.8) 30 (13.9)
  .30 104 (8.4) 104 (10.2) 0 (0)
US screening
  Prevalent 713 (57.6) 574 (56.2) 139 (64.4)
  Incident 524 (42.4) 447 (43.8) 77 (35.6)
Background echotexture at US‡

  Homogeneous 569 (46.0) 447 (43.8) 122 (56.5)
  Heterogeneous 668 (54.0) 574 (56.2) 94 (43.5)
Size of index breast lesion on US image (cm)
  Mean 1.0 6 0.4 1.0 6 0.4 0.8 6 0.3
  Median* 0.9 (0.3–3.0) 0.9 (0.3–3.0) 0.8 (0.3–2.3)
Elastographic technique 
  Strain elastography 527 (42.6) 428 (41.9) 99 (45.8)
  Shear-wave elastography 710 (57.4) 593 (58.1) 117 (54.2)

Note.—Data are number of women, with percentages in parentheses unless otherwise indicated.

* Data in parentheses are range.
† Mammographic density was visually estimated according to the fifth edition of Breast Imaging Reporting and Data System (30).
‡ Background echotexture was classified according to the composition of fat and fibroglandular tissues on US image (20). 
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Diagnostic Performance of Breast US
The AUC of B-mode US with the sev-
en-point BI-RADS system and the 
0%–100% scale of probability of ma-
lignancy was 0.84 (95% confidence in-
terval [CI], 0.80, 0.88) and 0.87 (95% 
CI: 0.82, 0.91), respectively (Table 3).  
When a BI-RADS category of 4a or 
higher was considered to be test-pos-
itive, lesion-level sensitivity, specificity, 
PPV (for biopsy recommendation), and 
negative predictive value were 100% 
(68 of 68), 27.0% (257 of 953), 8.9% 
(68 of 764), and 100% (257 of 257), 
respectively.

By the addition of both elastogra-
phy and color Doppler US to B-mode 
US, the AUC for the percentage of 
probability of malignancy increased 
from 0.87 (95% CI: 0.82, 0.91) to 0.96 
(95% CI: 0.95, 0.98; P , .001; Fig 2); 
specificity increased from 27.0% (95% 
CI: 24.2%, 29.9%) to 76.4% (95% CI: 
73.6%, 79.1%; P , .001) without a 
loss in sensitivity; and PPV increased 
from 8.9% (95% CI: 7.0%, 11.2%) to 
23.2% (95% CI: 18.5%, 28.5%; P , 
.001). When either elastography or 
color Doppler US was added to B-
mode US, the AUC, specificity, and 
PPV of B-mode US also significantly 
increased; however, sensitivity de-
creased because five soft cancers and 
three avascular cancers assessed as BI-
RADS category 4a on B-mode US were 
downgraded to category 3 (Table 2). 
Five soft cancers that showed morpho-
logic features with low suspicion for 
cancer at B-mode US included three 
DCIS, a microinvasive carcinoma, and 
a 0.5-cm invasive ductal carcinoma as-
sociated with DCIS, and all of them 
showed internal vascularity at color 
Doppler US. However, the three can-
cers among the BI-RADS category 4a 
masses that showed absent vascular-
ity at color Doppler US included one 
DCIS with sclerosing adenosis and 
two invasive ductal carcinomas (0.6 
cm and 1.5 cm, tumor grade II), and 
all three of these cancers showed hard 
elasticity at elastography. Therefore, 
none of these cancers showed negative 
findings at both elastography and color 
Doppler US, which prevented a loss in 
sensitivity.
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False-Positive Findings at Screening US
Among 953 nonmalignant breast le-
sions, short-term follow-up was recom-
mended (BI-RADS category 3) for 257 
lesions, and biopsy was recommended 
(BI-RADS category 4a, 4b, 4c, and 5) 
for 696 lesions by using B-mode US 
alone (Table 4). By following our study 
protocol, upgrading or downgrading 
one category according to the results 
of elastography and color Doppler US, 
67.7% (471 of 696) of unnecessary bi-
opsies for nonmalignant lesions could be 
avoided by the addition of both elastog-
raphy and color Doppler US to B-mode 
US. However, the number of short-in-
terval follow-ups for nonmalignant le-
sions moderately increased, mostly by 
the downgrading of BI-RADS category 
4a masses to category 3. Therefore, the 
overall number of false-positive findings 
from screening US modestly decreased 
from 953 to 749 (21.4% decrease).

The majority of masses (91.3% [932 
of 1021]) were assessed as BI-RADS 
category 3 or 4a at B-mode US and in-
cluded 26 malignancies. None of the 26 
cancers showed negative findings at both 
elastography and color Doppler US. 
Therefore, a hypothetical criterion was 
derived: downgrade BI-RADS category 3 
and category 4a masses at B-mode US 
that showed results negative for cancer 
at both elastography and color Doppler 
US to BI-RADS category 2 and recom-
mend routine follow-up. When BI-RADS 
category 3 and category 4a masses that 
showed results negative for cancer at 
both elastography and color Doppler 
US were downgraded to BI-RADS cat-
egory 2, the number of biopsies and 
short-term follow-ups recommended for 
nonmalignant lesions decreased, and a 
considerable number of false-positive 
findings (78.9% [752 of 953]) could be 
eliminated without missing cancers. The 
AUC and PPV of breast US also signifi-
cantly increased without a loss in sensi-
tivity according to the hypothetical crite-
ria (Table E5 [online]).

Subgroup Analyses by Participant and 
Imaging Characteristics
The AUC increment by elastography and 
color Doppler US was not significantly re-
lated to the participant’s age group (,50 
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Figure 2

Figure 2:  Receiver operating characteristic curves for B-mode US 
and three sets of combined tests. The AUC for B-mode US (B) was 0.87 
(95% CI: 0.82, 0.91); AUC increased to 0.92 (95% CI: 0.89, 0.96) (P = 
.009) by addition of elastography to B-mode US (B + E), 0.91 (95% CI: 
0.88, 0.95) (P = .049) by addition of color Doppler US to B-mode US 
(B + D), and 0.96 (95% CI: 0.95, 0.98) (P , .001) by addition of both 
elastography and color Doppler US to B-mode US (B + E + D).

Table 4

Management Recommendation for 68 Malignant and 953 Nonmalignant Screening 
US–detected Lesions

Management Recommendations B-Mode US 

Combined (B+E+D)

Criteria 1* Criteria 2†

All
  Short-interval follow-up 257 524 (+267) 39 (2218)
  Biopsy 764 293 (2471) 230 (2534)
Malignant
  Short-interval follow-up 0 0 (0) 0 (0)
  Biopsy 68 68 (0) 68 (0)
Nonmalignant
  Short-interval follow-up 257 524 (+267) 39 (2218)
  Biopsy 696 225 (2471) 162 (2534)
  FP at screening US 953 749 (2204) 201 (2752)

Note.—Data are number of lesions; changes in the number of lesions compared with B-mode US are shown in parentheses.  
B = B-mode US, E = elastography, D = color Doppler US, FP = false-positive finding.

* Criteria 1 represents the study protocol, upgrading or downgrading one category according to the results of elastography and 
color Doppler US.
† Criteria 2 represents the hypothetical guideline, selective downgrading of BI-RADS category 3 and 4a masses to category 2 
when both elastography and color Doppler US show negative results.

lesion size at US (1 cm vs .1 cm), 
and elastographic technique used (strain 
elastography vs shear-wave elastogra-
phy; all, P . .50). However, there is 
insufficient statistical power because the 
number of lesions included in the sub-
groups was small (Table E6 [online]). 
Elasticity of an index breast lesion was 
evaluated by using strain elastography 
technique in 41.9% (428 of 1021) and 
shear-wave elastography technique in 
58.1% (593 of 1021) of cases. The fail-
ure rate of data acquisition at elastog-
raphy was 2.3% (10 of 428) for strain 
elastography and 0.3% (two of 593) for 
shear-wave elastography. The specific-
ity and PPV of B-mode US significantly 
increased by either elastographic tech-
nique in subgroup analyses (P , .001, 
all; Fig E1 [online]).

Discussion

Elastography and color Doppler US are 
additional diagnostic imaging techniques 
for the evaluation of breast lesions at B-
mode US. Elastography and color Dop-
pler US cannot reduce the number of 
recalls at screening US for potentially ab-
normal findings for which additional im-
aging is needed; however, it may change 
the management for lesions detected at 
screening US. In our study, elastography 
and color Doppler US were performed 
for breast masses smaller than 3 cm de-
tected at screening US in women older 
than 30 years who had dense breasts. 
According to our prospective multicen-
ter results, the PPV for biopsy recom-
mendation significantly increased from 
8.9% to 23.2% by the addition of both 
elastography and color Doppler US to B-
mode US, and 67.7% (471 of 696) of un-
necessary biopsies for nonmalignant le-
sions could be avoided. This would allow 
screening performance to be within the 
acceptable range of recommendation for 
screening modalities (15). The PPV for 
biopsy recommendation of screening US 
without elastography and color Doppler 
US (8.9%) was slightly higher than the 
current benchmark for incident screen-
ing US (7.4%), which was derived from 
a large prospective study (7) performed 
in women at high risk for breast can-
cer, although our study included women 

years vs 50 years), mammographic 
density (heterogeneously dense vs 

extremely dense), background echotex-
ture (homogeneous vs heterogeneous), 
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included screening US examinations that 
were BI-RADS category 3 or higher at 
B-mode US for which elastography and 
color Doppler US were indicated. As-
sessment of the cancer detection rate, 
abnormal interpretation rate, or interval 
cancer rate of supplemental screening 
US were not the primary aims of the 
study.

To conclude, the combined use of 
elastography and color Doppler US with 
B-mode US resulted in a reduction of 
false-positive findings at screening US 
without missing cancers in women with 
dense breasts and the PPV for biopsy 
recommendation increased from 8.9% 
to 23.2%. BI-RADS category 3 and 4a 
masses that showed results negative for 
cancer at both elastography and color 
Doppler US can be downgraded to BI-
RADS category 2 and recommended for 
routine screening; therefore, a consider-
able number of false-positive findings (up 
to 79%), including benign biopsies and 
unnecessary short-interval follow-ups, 
can be avoided.
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uation at shear-wave elastography. The 
qualitative color assessment of maxi-
mum elasticity is known to best perform 
in differentiation of benign from malig-
nancy and correlate to maximum elastic-
ity measured in kilopascals (27). Third, 
the PPV of screening US was calculated 
on the basis of lesion level because the 
single breast mass most suspicious for 
cancer was included from each partic-
ipant with multiple breast lesions to 
reduce the clustering effect. There was 
one cancer diagnosed at follow-up exam-
ination that developed in the quadrant 
other than the index lesion in the ipsilat-
eral breast. Fourth, the management of 
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the basis of recommendations from the 
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Doppler US. Therefore, the actual clin-
ical effects of the combined tests could 
not be evaluated. A case-control study 
with and without the combined use of 
elastography and color Doppler US will 
be required in the future. Finally, audit 
parameters for all supplemental screen-
ing US examinations cannot be deter-
mined because the study design only 

at average risk for breast cancer and of 
low prevalence of breast cancer. How-
ever, a recent study (16) showed a high 
PPV of 48% for biopsy performed at 
screening US in women at average risk 
for breast cancer with dense breasts. 
Most of the screening US examinations 
were incident rounds of screening, and 
the authors attributed the high PPV of 
screening US to the experience of the 
radiologists.

Elasticity and vascularity are two dif-
ferent characteristics of breast masses; 
therefore, both can have a complemen-
tary role for each other when breast 
masses are evaluated. Indeed, the high-
est AUC and specificity of screening US 
were achieved without loss in sensitivity 
when both elastography and color Dop-
pler US were added to B-mode US, which 
is concordant with the results of a pre-
vious study (23) for nonpalpable breast 
lesions. As shown in our study, DCIS or 
small invasive cancer can show soft elas-
ticity but increased internal vascularity. 
However, some cancers with sclerotic tu-
mor stroma can show hard elasticity but 
absent internal vascularity at color Dop-
pler US. By considering both the elas-
ticity and vascularity of breast masses, 
sensitivity loss can be prevented while 
achieving higher specificity and PPV.

The major sources of false-positive 
findings at screening US are BI-RADS 
category 3 and 4a masses, which were 
also the most frequent findings at 
screening US (91.3% [932 of 1021]) in 
our study. According to our study re-
sults, up to 79% of false-positive find-
ings at screening US can be reduced by 
selective downgrading of BI-RADS cate-
gory 3 and 4a masses that show results 
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