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Use of mammography has been shown in randomized 
controlled trials (1,2) to reduce breast cancer mortal-

ity. However, the sensitivity of mammography is poor in 
women with dense fibroglandular tissue (3,4). As a sup-
plement to mammography, handheld US and automated 
breast (AB) US can help to improve detection of cancer 
(5–8). Handheld US is operator dependent, and therefore 
the experience of the operator is important. At AB US, full 
coverage of each breast consists of two to five acquisitions 
(8,9). Each acquisition contains more than 300 transverse 
images and reconstructions in coronal and sagittal planes, 
forming a volume of US images. The high-resolution AB 
US volume acquires up to 3000 two-dimensional images 
per woman, and interpretation is longer than that of a 
conventional US image (8). In addition, the probability 
of overlooking subtle lesions may be substantial in women 

who are asymptomatic (9). Thus, a commercially devel-
oped computer-aided detection (CAD) system may be 
used to help radiologists interpret AB US images (10).

A CAD system can be used either as a second or con-
current reader (11–13). The classic CAD implementation 
is second-reading mode at which CAD is applied after 
the reader has completed a full, unaided assessment (14). 
However, such implementation increases interpretation 
time. A potentially more efficient paradigm is concurrent-
reading mode, in which CAD is applied at the start of the 
assessment. However, concurrent application of CAD may 
reduce reader’s vigilance, reducing sensitivity (12). It is also 
contrary to the recommendations for CAD at mammogra-
phy, at which the CAD display of prompts should be dis-
played only after the radiologist has completed their initial 
assessment. In addition, the usefulness of applying CAD to 
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Background:  Computer-aided detection (CAD) systems may be used to help radiologists interpret automated breast (AB) US im-
ages. However, the optimal use of CAD with AB US has, to the knowledge of the authors, not been determined.

Purpose:  To compare the performance and reading time of different readers by using AB US CAD system to detect breast cancer in 
different reading modes.

Materials and Methods:  In this retrospective study, 1485 AB US images (282 with malignant lesions, 695 with benign lesions, and 
508 healthy) in 1452 women (mean age, 43.7 years; age range, 19–82 years) including 529 (36.4%) women who were asymptom-
atic were collected between 2016 and 2017. A CAD system was used to interpret the images. Three novice readers with 1–3 years of 
US experience and three experienced readers with 5–10 years of US experience were assigned to read AB US images without CAD, 
at a second reading (after the reader completed a full unaided interpretation), and at concurrent reading (use of CAD at the start of 
the assessment). Diagnostic performances and reading times were compared by using analysis of variance.

Results:  For all readers, the mean area under the receiver operating characteristic curve improved from 0.88 (95% confidence in-
terval [CI]: 0.85, 0.91) at without-CAD mode to 0.91 (95% CI: 0.89, 0.92; P , .001) at the second-reading mode and 0.90 (95% 
CI: 0.89, 0.92; P = .002) at the concurrent-reading mode. The mean sensitivity of novice readers in women who were asymptom-
atic improved from 67% (95% CI: 63%, 74%) at without-CAD mode to 88% (95% CI: 84%, 89%) at both the second-reading 
mode and the concurrent-reading mode (P = .003). Compared with the without-CAD and second-reading modes, the mean read-
ing time per volume of concurrent reading was 16 seconds (95% CI: 11, 22; P , .001) and 27 seconds (95% CI: 21, 32; P , 
.001) shorter, respectively.

Conclusion:  Computer-aided detection (CAD) was helpful for novice readers to improve cancer detection at automated breast US in 
women who were asymptomatic. CAD was more efficient when used concurrently for all readers.
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5.0 cm. All AB US examinations were performed by profes-
sionally trained technicians with at least 1 year of experience. 
To ensure full coverage, two to four US volumes per breast 
were performed at predefined locations (8,9). In our study, 
80.2% (1165 of 1452) of the women had six volumes, 14.8% 
(215 of 1452) had four volumes, and 5.0% (72 of 1452) had 
eight volumes. The images were anonymized and transmitted 
via the network to the CAD workstation.

CAD System
Our CAD system extracts features by using an ensemble of 
artificial neural-network classifiers. It is designed to aid radiolo-
gists in their search for areas suspicious for cancer on the AB US 
images (Fig 2). In addition, the CAD system can enhance areas 
possibly suspicious for malignancy by providing a minimum 
intensity projection of the breast tissue on a three-dimensional 
AB US volume acquisition that can be used for rapid naviga-
tion through AB US scans (10). The sensitivity of the instru-
ment can be adjusted, with greater sensitivity yielding a higher 
potential rate of false-positive findings. We chose the default 
setting of one false-positive CAD mark per AB US volume. To 
test the reproducibility of CAD marks with the same image, 
we randomly selected 5.0% (72 of 1452) of examinations and 
sent them through the CAD system three times, and the results 
showed that marking was consistent in all images.

Readers, Reading Modes, and Training
Six radiologists who had performed more than 500 AB US ex-
aminations in the last year participated as readers in our study. 
Experience with the general US for readers one to six was 1, 2, 
3, 5, 6, and 10 years and specifically with breast imaging (per-
forming and interpreting at least 2500 examinations of breast 
US per year) was 1, 1, 2, 3, 3, and 4 years, respectively. Because 
2 or 3 years of fellowship training is usually required in China, 
we divided the six readers into two groups: the novice group 
(G.Z., J.Y., and N.Z., with 1–3 years of US experience and 
2 years of experience with breast US) and the experienced 
group (S.Y., R.S., and H.S., with 5–10 years of US experience 
and 3 years of experience with breast US). All readers were 
trained on the reading procedures with 30 AB US images that 
were not part of the study set, of which 10 were read by using 
without-CAD mode, 10 by using second-reading mode, and 10 
by using concurrent-reading mode. In second-reading mode, 
readers read AB US images without CAD first, then combined 
the indications of CAD marks to make the final decision. In 
concurrent-reading mode, readers identified CAD marks first, 
then quickly browsed the entire AB US examination.

Study Design and Data Analysis
The task was performed in two reading sessions at an interval 
of 4 weeks apart. In the first session, half of the data sets were 
read without CAD, then with CAD in the second-reading 
mode; the remaining data sets were read in the concurrent-
reading mode. All data sets were presented to readers in ran-
domized order, and orders were different for every reader. Four 
weeks later, in the second session, data sets were given to readers 
with orders different than those used in the first session (Fig 1).  

Abbreviations
AB = automated breast, AUC = area under the receiver operating charac-
teristic curve, BI-RADS = Breast Imaging Reporting and Data System, 
CAD = computer-aided detection, CI = confidence interval

Summary
Both the second-reading mode and concurrent-reading mode have 
the potential to improve novice readers’ performance for breast can-
cer screening on automated breast US images.

Key Points
nn By using computer-aided detection (CAD) for interpretation 

of automated breast US images, the mean sensitivity of novice 
readers in women who are asymptomatic improved from 67% at 
without-CAD mode to 88% at both the second-reading and the 
concurrent-reading modes (P = .003).

nn By using CAD at the concurrent-reading mode, all readers could 
save 32% (16 seconds per 50 seconds per volume) of the reading 
time with higher area under the receiver operating characteristic 
curve values compared with without-CAD mode.

handheld breast US depends on the operator’s experience with 
breast imaging. CAD was more useful for less experienced read-
ers at handheld US (15,16). It is unclear how CAD for AB US 
will be incorporated into the clinical workflow. Therefore, the 
purpose of our study was to compare performance and reading 
time of different readers by using AB US CAD to detect breast 
cancer in different reading modes.

Materials and Methods
Our retrospective study was approved by the Xijing Hospital 
institutional review board and the requirement for informed 
consent was waived. QView Medical (Los Altos, Calif ) sup-
ported this research by providing a CAD workstation.

Patient Selection
We performed a retrospective search for all consecutive women 
with AB US examinations in a tertiary care center in northwest 
China between February 2016 and February 2017. An initial 
search from our breast US database found 1809 women (672 
women who underwent screening and 1137 women who un-
derwent diagnostic examinations). AB US has been routinely 
used at our institution for screening and diagnostic examina-
tions since 2015. For screening, AB US was performed first. 
If a lesion was suspicious for malignancy, handheld US was 
performed for further confirmation. For diagnostic examina-
tions, AB US and handheld US of the ipsilateral breast and 
contralateral breast were performed simultaneously. Of the 
1809 women, we included 1452 women (mean age, 43.7 
years; age range, 19–82 years) in our study (Fig 1, Appendix 
E1 [online]).

AB US Image Acquisition
Images were obtained with AB US (Invenia; GE Healthcare, 
Chicago, Ill). This system automatically images the breast  
by using a large (15.4-cm), 6- to 15-MHz bandwidth linear-
array transducer at 10-MHz center frequency and produces a 
three-dimensional B-scan US image volume of 15.4 3 16.9 3 
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The decision regarding whether each CAD marking 
highlighted a previously overlooked lesion or only a 
false-positive finding depended mainly on the doc-
tor’s experience and the image characteristics. In 
general, we allowed BI-RADS category 1 (negative), 
2 (benign), or 3 (probably benign) assessment by 
readers to be upgraded to 4 (suspicious), and BI-
RADS category 4 or 3 assessment could be down-
graded to 3 or 2 by addition of CAD. However, 
BI-RADS category 5 (highly suggestive of malig-
nancy) assessment could not be downgraded. Be-
cause a quasicontinuous linear scale is required to 
perform receiver operating characteristic analysis 
(18), readers were also asked to provide a level-
of-suspiciousness score between 0 and 100. When 
analyzing the management decision changes of 
readers, we defined BI-RADS category 1, 2, and 
3 as negative for cancer and recommended for 
follow-up and BI-RADS category 4 and 5 as posi-
tive for cancer and recommended for biopsy. The 
reference standard for each AB US image was es-
tablished by a radiologist with access to the case 

report and histopathologic reports.
Reading time, measured by a software plug-in (QView Medi-

cal) integrated in the CAD system, started when the reader opened 
images and ended when the reader closed the images. For second-
reading mode, we counted the reading time from the beginning 
of the reading without CAD to the end of the reading with CAD. 
Reading time only included the time to read images, and the tim-
ing device was not visible to the reader. Because volumes of each 
patient varied from four to eight, we recorded reading time per 
volume in each reading modes for comparison.

Statistical Analysis
Multireader multicase analysis was performed by using the al-
ternative free-response receiver operating characteristic method 
(19). This method uses jackknifing and two-way analysis of 
variance to compare the mean area under the receiver operating 
characteristic curve (AUC), which was used for the three read-
ing modes in our study. Sensitivity and specificity in the three 
reading modes for each reader were calculated on the basis of the 
final BI-RADS assessment data with BI-RADS category 3 and 
BI-RADS category 4 as two different thresholds (20). For read-
ing time analysis, outliers, defined as a distance greater than 1.5 
times the interquartile range below the first quartile or above the 
third quartile, were removed. These were considered unreliable 
because readers might have been interrupted (21). The mean 
AUC, sensitivity, specificity, and reading time with 95% con-
fidence intervals (CIs) were calculated. Management decision 
changes by using CAD were classified into no change, down-
graded, and upgraded, and their mean number was calculated. 
Detailed statistical methods are in Appendix E1 (online).

The receiver operating characteristic analyses were per-
formed by using software (Jackknife Alternative Free-Response 
Receiver-Operating Characteristic, version 4.2.1; http://
www.devchakraborty.com). All other analyses were performed 
with statistical software (SPSS, version 19.0; IBM Statistics, 

All readers reviewed every examination at each reading mode 
and were blinded to any information about the women, includ-
ing the age, manifestation of symptoms, and previous radiology 
and histopathologic reports. The readers were asked to read at 
least 3 hours per day to simulate batch reading of examinations.

At each reading mode, the readers were instructed to mark le-
sions and subsequently determine a final Breast Imaging Re-
porting and Data System (BI-RADS) (17) assessment category. 

Figure 1:  Flowchart of patient selection and randomization for reader study. CAD =  
computer-aided detection.

Figure 2:  Screen-capture image shows computer 
monitor display of computer-aided detection (CAD) sys-
tem output in a 41-year-old woman. Minimum intensity 
projection image in right anteroposterior view shows 
a CAD mark (circle) on the mass, indicating a lesion 
suspicious for cancer that was proved to be an invasive 
carcinoma at pathologic analysis. However, two cysts 
(arrows) near the nipple (∗) were not marked by the 
CAD system. R-AP = right anteroposterior.
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with 85 benign lesions, and 425 healthy women. In the 
symptomatic group, there were 251 women with 263 ma-
lignant lesions, 589 women with 610 benign lesions, and 83 
healthy women. Mean size for all lesions, malignant lesions, 
and benign lesions at AB US was 2.5 cm 6 1.9 (standard 
deviation; range, 0.4–6.4 cm), 2.7 cm 6 1.8 (range, 0.4–6.4 
cm; n = 282), and 2.2 cm 6 1.8 (range, 0.5–5.8 cm; n = 
695), respectively. Patient and lesion characteristics on the 
basis of manifestation of symptoms in women are summa-
rized in Table 1.

Armonk, NY). In all analyses, a P value less than .05 was con-
sidered to indicate a statistically significant difference.

Results

Patient Characteristics
Of the 1452 women, 529 (36.4%) were asymptomatic and 
923 (63.6%) had symptoms in the breast such as palpable 
mass, pain, or nipple discharge. In the asymptomatic group, 
there were 19 women with 19 malignant lesions, 85 women 

Table 1: Patient and Lesion Characteristics

Characteristic
All Women 
(n = 1452)

Asymptomatic Women 
(n = 529)

Symptomatic Women 
(n = 923) P Value

Patient age (y)
  Mean 43.7 6 18.8 45.9 6 17.0 42.1 6 19.2 .07
  Median* 44 (19–82) 46 (28–69) 41 (19–82)
Menopausal status .19
  Premenopause 690 (48) 239 (45) 451 (49)
  Postmenopause 762 (52) 290 (55) 472 (51)
Biopsy or surgery ,.001
  Yes 590 (41) 104 (20) 486 (53)
  No 862 (59) 425 (80) 437 (47)
Lesion size at AB US (cm)
  All ,.001
    Mean 2.5 6 1.9 1.1 6 0.5 2.6 6 1.7
    Median* 2.5 (0.4–6.4) 1.0 (0.4–1.8) 2.6 (0.8–6.4)
  Malignant ,.001
    Mean 2.7 6 1.8 1.2 6 0.5 2.7 6 1.7
    Median* 2.6 (0.4–6.4) 1.0 (0.4–1.8) 2.6 (0.8–6.4)
  Benign ,.001
    Mean 2.2 6 1.8 1.3 6 0.4 2.5 6 1.6
    Median* 2.1 (0.5–5.8) 1.2 (0.5–1.7) 2.4 (0.8–5.8)
Histologic type†

  Malignant 282 19 263 .81
    Invasive carcinoma 223 16 207
      Invasive carcinoma of no specific type 209 (74) 16 (84) 193 (73)
      Invasive lobular carcinoma 8 (3) 0 (0) 8 (3)
      Mucinous carcinoma 6 (2) 0 (0) 6 (2)
    Ductal carcinoma in situ 58 (21) 3 (16) 55 (21)
    Malignant phyllodes tumor 1 (0) 0 (0) 1 (0)
  Benign 320 35 285 .73
    Fibroadenoma 115 (36) 16 (46) 99 (35)
    Intraductal papilloma 45 (14) 5 (14) 40 (14)
    Inflammation 37 (12) 1 (3) 36 (13)
    Usual ductal hyperplasia 29 (9) 4 (11) 25 (9)
    Adenosis 25 (8) 3 (9) 22 (8)
    Cysts 16 (5) 1 (3) 15 (5)
    Benign phyllodes tumor 6 (2) 0 (0) 6 (2)
    Lipoma 2 (1) 0 (0) 2 (1)
    Other 45 (14) 5 (14) 40 (14)

Note.—Unless otherwise specified, data are numbers of patients, with percentages in parentheses. Mean data are 6 standard deviation. 
P values are a comparison between women with and without symptoms. They were calculated by using Student t test or the x2 test. AB = 
automated breast.
* Data in parentheses are range.
† Data are numbers of lesions, with percentages in parentheses. Results of 590 women with malignant (n = 282) or benign (n = 320) lesions 
at biopsy or surgery. Twelve women had two malignant lesions.
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When a BI-RADS category 3 threshold was used, compared 
with the without-CAD mode, the improvements of mean sen-
sitivity were significant at both the second-reading mode (87% 
[95% CI: 85%, 88%] vs 94% [95% CI: 92%, 94%], respec-
tively; P = .002) and concurrent-reading mode (87% [95% CI: 
85%, 88%] vs 93% [95% CI: 92%, 94%], respectively; P = 
.002) for novice readers, but they were not significant for experi-
enced readers (Table 2). When the second-reading mode and the 
concurrent-reading mode were compared, the mean sensitivity, 
specificity, and AUC were similar for both novice and experi-
enced readers, and all readers (P . .05). The performances of 
each reader are in Table E1 (online). When subgroup analysis 
was performed, for novice and all readers, both second-reading 
mode and concurrent-reading mode had significantly greater 

Reader Performances
The mean AUC of the reading was improved from 0.88 (95% 
CI: 0.85, 0.91) without CAD to 0.91 (95% CI: 0.89, 0.92;  
P , .001) at the second-reading mode and 0.90 (95% CI: 0.89, 
0.92; P = .002) at the concurrent-reading mode for all readers 
(Table 2). For novice readers, the improvements of mean AUCs 
were significant at both the second-reading mode (mean AUC, 
without CAD vs second-reading mode, 0.85 [95% CI: 0.84, 
0.85] vs 0.89 [95% CI: 0.89, 0.90], respectively; P , .001) 
and concurrent-reading mode (mean AUC, without CAD vs 
concurrent-reading mode, 0.85 [95% CI: 0.84, 0.85] vs 0.88 
[95% CI: 0.88, 0.89], respectively; P = .001) (Fig 3). For expe-
rienced readers, there were no differences in AUC among the 
three reading modes.

Table 2: Diagnostic Performance of Readers in Three Reading Modes with a BI-RADS Category 3 Threshold

Parameter

Sensitivity (%) Specificity (%) AUC

Without-
CAD Mode

Second-
reading 
Mode

Concurrent- 
reading 
Mode

Without- 
CAD Mode

Second-
reading 
Mode

Concurrent-
reading  
Mode

Without- 
CAD Mode

Second- 
reading  
Mode

Concurrent-
reading 
Mode

Asymptomatic 
women
  Novice 
      readers

67 (63, 74) 88 (84, 89) 88 (84, 89) 92 (91, 92) 91 (91, 92) 91 (91, 92) 0.84 (0.79, 
0.87)

0.95 (0.95, 
0.95)

0.93 (0.92, 
0.95)

    P value .003 ..99 .003 ..99 ..99 ..99 .014 ..99 .04
 � Experienced  

    readers
89 (84, 95) 93 (89, 95) 93 (89, 95) 92 (92, 93) 92 (92, 93) 92 (92, 93) 0.95 (0.93, 

0.97)
0.97 (0.95, 
0.99)

0.97 (0.95, 
0.98)

    P value .95 ..99 .95 ..99 ..99 ..99 .66 ..99 .9
  All readers 78 (67, 89) 90 (87, 93) 90 (87, 93) 92 (91, 92) 92 (91, 92) 92 (91, 92) 0.90 (0.84, 

0.95)
0.96 (0.95, 
0.98)

0.95 (0.92, 
0.97)

    P value .001 ..99 .001 ..99 ..99 ..99 .003 ..99 .011
Symptomatic  
    women
  Novice  
      readers

88 (87, 89) 94 (93, 95) 94 (92, 95) 33 (30, 35) 33 (31, 35) 33 (30, 35) 0.79 (0.78, 
0.81)

0.85 (0.84, 
0.86)

0.84 (0.83, 
0.84)

    P value .002 ..99 .004 ..99 ..99 ..99 .003 .95 .008
 � Experienced  

    readers
93 (92, 95) 94 (93, 95) 94 (93, 95) 42 (38, 47) 42 (38, 47) 42 (38, 47) 0.89 (0.87, 

0.90)
0.90 (0.89, 
0.91)

0.90 (0.89, 
0.91)

    P value ..99 ..99 ..99 ..99 ..99 ..99 ..99 ..99 ..99
  All readers 91 (89, 93) 94 (93, 95) 94 (93, 94) 37 (33, 42) 37 (33, 43) 38 (33, 43) 0.84 (0.79, 

0.88)
0.87 (0.85, 
0.90)

0.87 (0.84, 
0.89)

    P value .001 ..99 .002 ..99 ..99 ..99 .005 ..99 .017
All women
  Novice  
    readers

87 (85, 88) 94 (92, 94) 93 (92, 94) 58 (56, 59) 57 (56, 59) 58 (56, 59) 0.85 (0.84, 
0.85)

0.89 (0.89, 
0.90)

0.88 (0.88, 
0.89)

    P value .002 ..99 .002 ..99 ..99 ..99 ,.001 .48 .001
  Experienced  
    readers

93 (92, 94) 94 (93, 95) 94 (93, 94) 63 (61, 66) 63 (61, 66) 63 (61, 66) 0.91 (0.90, 
0.93)

0.92 (0.92, 
0.94)

0.92 (0.92, 
0.93)

    P value .51 ..99 .77 ..99 ..99 ..99 .84 ..99 .96
  All readers 90 (87, 93) 94 (93, 94) 93 (93, 94) 60 (58, 63) 60 (58, 64) 61 (58, 64) 0.88 (0.85, 

0.91)
0.91 (0.89, 
0.92)

0.90 (0.89, 
0.92)

    P value ,.001 ..99 ,.001 ..99 ..99 ..99 ,.001 ..99 .002

Note.—Unless otherwise indicated, data are mean and data in parentheses are 95% confidence intervals. Breast Imaging Reporting and 
Data System (BI-RADS) assessment category 3, 4, and 5 were considered positive for cancer for calculation of sensitivity and specificity. P 
values in the without-CAD mode column were calculated by comparing with second-reading mode. P values in the second-reading mode 
column were calculated by comparing with concurrent-reading mode. P values in the concurrent-reading mode column were calculated by 
comparing with without-CAD mode. AUC = area under the receiver operating characteristic curve, CAD = computer-aided detection.
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Figure 3:  Receiver operating characteristic curves of three reading modes. Average is computed across, A, all readers, B, three novice read-
ers, and, C, three experienced readers. Data in parentheses are areas under the receiver operating characteristic curve. CAD = computer-aided 
detection.

Table 3: Management Decision Changes of Readers with Computer-aided Detection System

Parameter

Second-reading Mode Concurrent-reading Mode

No Change Downgraded Upgraded No Change Downgraded Upgraded
Malignant lesions
  Asymptomatic women (n = 19)
    Novice readers 13.0 6 1.0 0.0 6 0.0 6.0 6 1.0 12.3 6 0.6 0.7 6 0.6 6.0 6 1.0
    Experienced readers 17.0 6 1.0 0.0 6 0.0 2.0 6 1.0 16.7 6 1.2 0.3 6 0.6 2.0 6 1.0
    All readers 15.0 6 2.4 0.0 6 0.0 4.0 6 2.4 14.5 6 2.5 0.5 6 0.6 4.0 6 2.4
  Symptomatic women (n = 263)
    Novice readers 239.0 6 5.0 1.3 6 1.5 22.7 6 3.5 238.3 6 4.0 3.3 6 2.3 21.3 6 2.1
    Experienced readers 259.3 6 1.2 0.3 6 0.6 3.3 6 0.6 258.0 6 2.7 1.7 6 1.5 3.3 6 1.2
    All readers 249.2 6 11.6 0.8 6 1.2 13.0 6 10.8 248.2 6 11.2 2.5 6 2.0 12.3 6 10.0
  All women (n = 282)
    Novice readers 252.0 6 4.0 1.3 6 1.5 28.7 6 2.5 250.7 6 3.5 4.0 6 2.7 27.3 6 1.2
    Experienced readers 276.0 6 0.6 0.3 6 0.6 5.3 6 0.6 274.7 6 2.1 2.0 6 1.0 5.3 6 1.5
    All readers 264.2 6 13.6 0.8 6 1.2 17.0 6 12.9 262.7 6 13.4 3.0 6 2.1 16.3 6 12.1
Benign lesions and healthy US*
  Asymptomatic women (n = 510)
    Novice readers 498.0 6 2.0 10.0 6 1.7 2.0 6 1.0 498.7 6 1.2 9.7 6 1.5 1.7 6 0.6
    Experienced readers 496.3 6 0.6 13.0 6 1.0 0.7 6 1.2 496.7 6 1.2 12.3 6 1.5 1.0 6 1.0
    All readers 497.2 6 1.6 11.5 6 2.1 1.3 6 1.2 497.7 6 1.5 11.0 6 2.0 1.3 6 0.8
  Symptomatic women (n = 693)
    Novice readers 675.3 6 3.2 15.3 6 2.1 2.3 6 1.2 675.7 6 1.5 15.3 6 2.1 2.0 6 1.0
    Experienced readers 672.3 6 6.4 18.3 6 7.5 2.3 6 1.5 671.3 6 8.3 19.7 6 8.3 2.0 6 0.0
    All readers 673.8 6 4.8 16.8 6 5.2 2.3 6 1.2 673.5 6 5.9 17.5 6 5.9 2.0 6 0.6
  All women (n = 1203)
    Novice readers 1173.3 6 4.9 25.3 6 3.8 4.3 6 1.5 1174.3 6 2.5 25.0 6 3.6 3.7 6 1.2
    Experienced readers 1168.7 6 5.9 31.3 6 7.6 3.0 6 1.7 1168.0 6 7.2 32.0 6 7.0 3.0 6 1.0
    All readers 1171.0 6 5.5 28.3 6 6.3 3.7 6 1.6 1171.2 6 6.0 28.5 6 6.3 3.3 6 1.0

Note.—Data are mean 6 standard deviation.
* Healthy US indicates normal automated breast US images.

AUC than without-CAD mode in both asymptomatic and 
symptomatic women (Table 2). For experienced readers, how-
ever, the difference was not significant in both asymptomatic 
and symptomatic women. In women who were asymptomatic, 

the mean sensitivity of novice readers at both second-reading 
mode and concurrent-reading mode was improved by 21% 
(67% [95% CI: 63%, 74%] vs 88% [95% CI: 84%, 89%], re-
spectively; P = .003).
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experienced readers, 26–40 of 
1203 benign or healthy im-
ages (2.2%–3.3%) were cor-
rectly changed from biopsy to 
follow-up (Fig 5), whereas one 
to four benign or healthy im-
ages (0.1%–0.3%) were incor-
rectly changed from follow-up 
to biopsy.

When we analyzed women 
who were asymptomatic, for 
novice readers, five to seven of 
19 malignant lesions (26%–
37%) were correctly changed 
from follow-up to biopsy, 
whereas zero to one malignant 
lesion (0%–5%) was incor-
rectly changed from biopsy 
to follow-up. For experienced 
readers, 11–14 of 510 benign 
lesions and healthy images 
(2.2%–2.7%) were correctly 
changed from biopsy to fol-
low-up, whereas none to two 
benign lesions (0%–0.4%) 
were incorrectly changed from 
follow-up to biopsy. The man-
agement decision changes of 
each reader are provided in 
Table E4 (online).

When we analyzed the 
management decision changes 

according to histologic types, novice readers with CAD sup-
port detected more invasive carcinomas (11.2%; 25.0 of 223) 
than ductal carcinoma in situ (6.4%; 3.7 of 58). For experi-
enced readers, more inflammation (24.3%; 9.0 of 37) and 
adenosis (20.0%; 5.0 of 25) were downgraded compared with 
other biopsy-proved benign lesions. Management decision 
changes according to the histologic type are summarized in 
Table E5 (online).

Reading Time
For all readers, the mean reading time per volume was 50 
seconds 6 9 (range, 40–63 seconds) at without-CAD mode, 
61 seconds 6 8 (range, 52–74 seconds) at second-reading 
mode, and 34 seconds 6 9 (range, 25–52 seconds) at concur-
rent-reading mode (Table 4). The reading time of all readers 
at concurrent-reading mode was shorter than without-CAD 
mode and second-reading mode (Fig 6), with a mean dif-
ference of 16 seconds (95% CI: 11, 22; P , .001) and 27 
seconds (95% CI: 21, 32; P , .001) per volume, respectively. 
Similar results were found for both novice and experienced 
readers when we compared the results in both asymptomatic 
and symptomatic women. For all readers, the average reading 
time per examination at without-CAD, second-reading, and 
concurrent-reading modes were 4:50 minutes, 5:54 minutes, 
and 3:17 minutes, respectively.

When a BI-RADS category 4 threshold was used, all sen-
sitivities decreased, and all specificities improved at different 
reading modes and in subgroups of women (Table E2 [on-
line]). However, there were significant differences of sensi-
tivity between without-CAD and with-CAD reading modes 
for novice and all readers (P , .001). In women who were 
asymptomatic, the mean specificity for experienced readers 
at both the second- and concurrent-reading modes was im-
proved by 2% (95.0% [95% CI: 94.7%, 95.3%] vs 97.4% 
[95% CI: 97.2%, 97.4%] and 97.2% [95% CI: 96.9%, 
97.4%], respectively; P , .001). The performances of each 
reader at three reading modes with BI-RADS category 4 
considered to be test-positive are shown in detail in Table 
E3 (online).

Management Decision Change
At the second-reading mode and concurrent-reading mode, 
the management decision changes compared with the with-
out-CAD mode were mean of 3.4% (50 of 1485), ranging 
from 2.4% (36 of 1485) to 4.4% (66 of 1485) of AB US 
images for all readers (Tables 3, E4 [online]). For novice 
readers, with CAD support, 26–31 of 282 malignant lesions 
(9.2%–11.0%) were correctly changed from follow-up to bi-
opsy (Fig 4), whereas none to seven (0%–2.5%) malignant le-
sions were incorrectly changed from biopsy to follow-up. For 

Figure 4:  Automated breast US images in 51-year-old woman with invasive breast cancer. (a) Trans-
verse, (b) sagittal, and (c) coronal plane images show an 8-mm ovoid hypoechoic mass with mostly circum-
scribed margin in the left breast. (d) Computer-aided detection (CAD) system output display shows a lesion 
suspicious for cancer (circle). Without CAD support, the mass was categorized as probably benign (Breast 
Imaging Reporting and Database System [BI-RADS] category 3) by three novice readers and one experi-
enced reader, and as suspicious (BI-RADS category 4) by two experienced readers. With CAD support, two 
novice readers and one experienced reader who initially categorized this as BI-RADS category 3 upgraded 
the lesion to BI-RADS category 4, whereas the other three readers did not change their final assessment.
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reduced the time required to read AB US images with similar 
sensitivity and specificity compared with second-reading mode. 
Similar CAD results were reported in studies of AB US and other 
imaging modalities (20,29–32). In our study, the average read-
ing time per examination at without-CAD and concurrent-read-
ing modes were 4:50 minutes and 3:17 minutes, respectively, 
whereas those in the study by Jiang et al (20) were 3:33 min-
utes and 2:24 minutes, respectively. AB US image interpretation 
times probably depend on the examination type (ie, screening vs 
diagnostic), lesion difficulty, and reader experience (20,32). Ac-
cording to our study and other reports (20,32), a shorter reading 
time without decreasing performance for interpretation of AB 
US studies can be expected with CAD when used concurrently 
versus when used as a second reader in screening.

There are several reader studies (10,20,22,32) that used the 
commercial AB US CAD system and evaluated effect of CAD 
system on the accuracy and efficiency of interpretation of AB US 
images by radiologists, and they showed the benefit of CAD in 
both novice and experienced readers. However, the incremen-
tal benefit of CAD when used as either a second or concurrent 
reader of AB US images, to our knowledge, has not been com-
pared. Our study dealt with the CAD application at AB US  
image reading for both novice and experienced readers and it eval-
uated how the CAD system was best implemented in conjunction 
with AB US.

Discussion

We found the mean area under 
the receiver operating char-
acteristic curve (AUC) for all 
readers improved in both the 
second-reading mode (from 
0.88 to 0.91; P , .001) and 
concurrent reading mode 
(from 0.88 to 0.90; P = .002), 
and oversight errors in ma-
lignancies occurred less often 
with sensitivity improvement 
(from 90% to 94% in the sec-
ond-reading mode and 93% in 
the concurrent-reading mode; 
P , .001 for each). For sub-
group analysis with use of a 
Breast Imaging Reporting and 
Database System (BI-RADS) 
category 3 threshold, the mean 
sensitivity of novice readers in 
women who were asymptom-
atic improved from 67% with-
out computer-aided detection 
(CAD) to 88% (P = .003) at 
both the second-reading and 
the concurrent-reading modes. 
The concurrent-reading mode, 
however, could save 32% (16 
seconds of 50 seconds per vol-
ume) time with higher AUC 
compared with without-CAD mode, and 44% (27 seconds of 
61 seconds per volume) time with similar AUC compared with 
the second-reading mode. Thus, our results suggest that the 
concurrent-reading mode with shorter reading time is prefer-
able for workflow efficiency.

Our results showed that CAD was more helpful for novice 
readers than for experienced readers, and the mean AUC differ-
ence between the two groups changed from 0.06 (0.91 vs 0.85, 
respectively) at without-CAD mode to 0.03 (0.92 vs 0.89, re-
spectively) at second-reading mode. Furthermore, for upgraded 
malignancies, novice readers who used CAD support detected 
more invasive carcinomas (11.2%; 25.0 of 223) than ductal car-
cinoma in situ (6.4%; 3.7 of 58). Similar results were obtained 
by Xu et al (22), who reported that the CAD system improved 
the performance of less experienced readers for detection of 
breast cancer with AB US. For experienced readers, CAD al-
lowed for benign lesions to be downgraded from biopsy to fol-
low-up recommendation. This result is encouraging because the 
low specificity is an important downside of supplemental US 
screening. A significant improvement in specificity with CAD 
was also found in other studies (10,22).

Currently, most CAD systems are used at the second-reading 
mode for breast cancer screening (23–25). However, this mode 
prolongs the reading time, especially for large volume imaging 
(26–28). Our study showed the use of concurrent-reading mode 

Figure 5:  Automated breast US scans obtained in a 37-year-old woman with sclerosing adenosis. (a) 
Transverse, (b) sagittal, and (c) coronal plane images show a 13-mm irregular hypoechoic mass with 
ill-defined margin in the left breast. (d) Computer-aided detection (CAD) system output display shows no 
mark on the lesion. Without CAD support, the mass was categorized as Breast Imaging Reporting and 
Data System (BI-RADS) category 4 by three novice and two experienced readers, and BI-RADS category 
3 by one experienced reader. With CAD support, two novice and two experienced readers who initially 
categorized this as BI-RADS category 4 downgraded the lesion to BI-RADS category 3, whereas other two 
readers did not change their final assessments.
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decreasing performance for both novice and experienced readers. 
Further research is warranted in a multicenter prospective study 
to investigate the usefulness of CAD at breast cancer screening 
with automated breast US.

Author contributions: Guarantors of integrity of entire study, S.Y., L.L., G.Z., 
H.S.; study concepts/study design or data acquisition or data analysis/interpreta-
tion, all authors; manuscript drafting or manuscript revision for important intel-
lectual content, all authors; approval of final version of submitted manuscript, all 
authors; agrees to ensure any questions related to the work are appropriately re-
solved, all authors; literature research, S.Y., X.G., L.L., H.S.; clinical studies, S.Y., 
L.L., R.S., J.Y., G.Z., Y.X., N.Z., H.S.; experimental studies, S.Y., X.G., L.L., R.S., 
J.Y., Y.X., Y.J., N.Z., H.S.; statistical analysis, S.Y., X.G., L.L., H.S.; and manuscript 
editing, S.Y., X.G., L.L., R.S., J.Y., Y.X., N.Z., H.S.

Our study had limitations. First, 
it was a retrospective study and there 
could be bias caused by memoriza-
tion of previous images. We recorded 
the reading time and diagnostic results 
of the second-reading mode after the 
without-CAD mode. The results may 
be different if we separate the second-
reading mode from the without-CAD 
mode. If a review for the second-
reading mode was performed another 
day, the interpretation time might be 
shorter than the time reported in our 
study. Second, all of the readers were 
less-experienced breast imagers (with 
breast specialty experience ranging 
from 1 to 4 years). In China, the spe-
cialty of breast imaging is newer, and 
staff and faculty in breast imaging are 
young compared with other imaging 
specialties. Third, we did not assess the 
association between lesion difficulty or 
lesion types and decision changes in different experienced read-
ers. Certain types of lesions such as circumscribed or not cir-
cumscribed masses may be more likely associated with decision 
changes than others. Finally, we did not analyze the false-positive 
CAD marks. Further study is needed to track the outcome of all 
CAD marks at AB US.

In conclusion, our study showed computer-aided detection 
(CAD) at both the second-reading mode and concurrent-read-
ing mode may improve novice readers’ performance of breast 
cancer detection at automated breast US, especially in women 
who are asymptomatic. At the concurrent-reading mode, a 
significantly shorter reading time can be expected without 

Table 4: Reading Time at Three Reading Modes

Parameter

Without-
CAD  
Mode

Second-
reading 
Mode

Concurrent-
reading
Mode

Difference between 
Without-CAD Mode 
and Second-reading 
Mode

Difference between 
Second-reading Mode  
and Concurrent-reading 
Mode

Difference between 
Without-CAD Mode 
and Concurrent-reading 
Mode

Asymptomatic women
  Novice readers 55 6 6 66 6 6 38 6 9 11 (9, 13) [20] 228 (221, 236) [242] 217 (29, 226) [231]
  Experienced readers 42 6 4 53 6 2 26 6 4 11 (6, 17) [26] 227 (222, 232) [251] 216 (212, 218) [238]
  All readers 48 6 8 59 6 9 32 6 9 11 (10, 13) [23] 227 (225, 230) [246] 216 (214, 219) [233]
Symptomatic women
  Novice readers 60 6 6 69 6 6 43 6 11 9 (3, 14) [15] 226 (213, 239) [238] 217 (23, 232) [228]
  Experienced readers 46 6 6 57 6 2 31 6 3 11 (1, 21) [24] 226 (223, 229) [246] 215 (27, 223) [233]
  All readers 54 6 9 63 6 8 37 6 10 9 (6, 13) [17] 226 (222, 230) [241] 217 (212, 221) [231]
All women
  Novice readers 58 6 5 67 6 6 40 6 10 9 (5, 13) [16] 227 (216, 237) [240] 218 (23, 232) [231]
  Experienced readers 43 6 4 55 6 2 28 6 3 12 (5, 18) [28] 227 (221, 232) [249] 215 (213, 216) [235]
  All readers 50 6 9 61 6 8 34 6 9 11 (8, 13) [22] 227 (221, 232) [244] 216 (211, 222) [232]

Note.—Data are seconds per volume acquisition in automated breast US scanning. Mean data are 6 standard deviation; 95% confidence 
intervals are in parentheses. Data in brackets are percentage change. CAD = computer-aided detection.

Figure 6:  Box-and-whisker plot of the reading time per volume of each reader with three read-
ing modes. Readers 1, 2, and 3 are novice readers with 1–3 years of US experience and readers 
4, 5, and 6 are experienced readers with 5–10 years of US experience. Boxes indicate interquar-
tile range, crosses indicate mean, center lines indicate median, and whiskers indicate range. CAD 
= computer-aided detection.
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