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Background: Women with dense breasts benefit from supplemental cancer screening with US, but US has low specificity.

Purpose:  To evaluate the performance of breast US tomography (UST) combined with full-field digital mammography (FFDM)
compared with FFDM alone for breast cancer screening in women with dense breasts.

Materials and Methods:  This retrospective multireader multicase study included women with dense breasts who underwent FFDM and
UST at 10 centers between August 2017 and October 2019 as part of a prospective case collection registry. All patients in the registry
with cancer were included; patients with benign biopsy or negative follow-up imaging findings were randomly selected for inclusion.
Thirty-two Mammography Quality Standards Act—qualified radiologists independently evaluated FFDM followed immediately

by FEDM plus UST for suspicious findings and assigned a Breast Imaging Reporting and Data System (BI-RADS) category. The
superiority of FFDM plus UST versus FFDM alone for cancer detection (assessed with area under the receiver operating characteristic
curve [AUC]), BI-RADS 4 sensitivity, and BI-RADS 3 sensitivity and specificity were evaluated using the two-sided significance level
of a = .05. Noninferiority of BI-RADS 4 specificity was evaluated at the one-sided significance level of o = .025 with a —10% margin.

Results: Among 140 women (mean age, 56 years +10 [SD]; 36 with cancer, 104 without), FFDM plus UST achieved superior
performance compared with FFDM alone (AUC, 0.60 [95% CI: 0.51, 0.69] vs 0.54 [95% CI: 0.45, 0.64]; P = .03). For FFDM
plus UST versus FFDM alone, BI-RADS 4 mean sensitivity was superior (37% [428 of 1152] vs 30% [343 of 1152]; P = .03) and
BI-RADS 4 mean specificity was noninferior (82% [2741 of 3328] vs 88% [2916 of 3328]; P = .004). For FFDM plus UST versus

FFDM, no difference in BI-RADS 3 mean sensitivity was observed (40% [461 of 1152] vs 33% [385 of 1152]; P = .08), but BI-
RADS 3 mean specificity was superior (75% [2491 of 3328] vs 69% [2299 of 3328]; P = .04).

Conclusion:
Clinical trial registration nos. NCT03257839 and NCT04260620
Published under a CC BY 4.0 license.

Supplemental material is available for this article.

reast cancer screening with mammography reduces
B mortality by 41% in women with nondense breasts,
but reduces mortality by only 13% in women with dense
breasts (1). In addition, women with scattered fibroglan-
dular, heterogeneously dense, and extremely dense breasts
have a 2.1-, 2.9-, and 4.6-fold increase in the risk for de-
veloping breast cancer and a 6-, 16-, and 31-fold increase
in the likelihood for interval cancer diagnosis, respective-
ly, compared with women with fatty breasts (2—4). Un-
derscoring the need for supplemental screening, the U.S.
government has mandated federal breast density notifica-
tions effective September 2024 (5,6).

Several studies have shown that mammography fol-
lowed by supplemental US screening of dense breasts
increases cancer detection rate—detecting two to five ad-
ditional cancers per 1000 women—and increases detection

In women with dense breasts, FFDM plus UST improved cancer detection by radiologists versus FFDM alone.

of lower-stage node-negative invasive cancers and reduces
interval cancers (7-9). In the landmark American College
of Radiology Imaging Network, or ACRIN, 6666 clinical
trial in women with dense breasts and an elevated risk of
breast cancer, mammography plus US depicted four ad-
ditional cancers per 1000 women screened compared with
mammography alone (10). The Japan Strategic Antican-
cer Randomized Trial, or J-START, demonstrated similar
results with mammography plus US screening, showing
improved sensitivity and cancer detection rate compared
with mammography alone (9). Furthermore, the Adjunct
Screening with Tomosynthesis or Ultrasound in Women
with Mammography-Negative Dense Breasts, or AS-
TOUND, trial in Italy found four additional cancers per
1000 by adding tomosynthesis and seven additional can-
cers per 1000 by adding physician-performed handheld
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Abbreviations

AUC = area under the receiver operating characteristic curve,
BI-RADS = Breast Imaging Reporting and Data System, FFDM =
full-field digital mammography, MRMC = multireader multicase,
UST = US tomography

Summary

In women with dense breasts, automated breast US tomography added
to screening mammography led to increased breast cancer detection
and increased specificity for Breast Imaging Reporting and Data
System category 3 lesions compared with mammography alone.

Key Results

® In this retrospective study of 140 patients (36 with cancer) and
32 readers, mammography plus breast US tomography (UST)
improved breast cancer detection versus mammography alone
(area under the receiver operating characteristic curve, 0.60 vs

0.54; P =.03).

m For mammography plus UST versus mammography alone,
Breast Imaging Reporting and Data System (BI-RADS) 4 mean
sensitivity was superior (37% [428 of 1152] vs 30% [343 of
1152], P = .03), BI-RADS 4 mean specificity was noninferior
(82% [2741 of 3328] vs 88% [2916 of 3328], P = .004), and BI-
RADS 3 mean specificity was superior (75% [2491 of 3328] vs
69% [2299 of 3328], P = .04).

written informed consent from radiologist readers. Delphinus
Medical Technologies funded the study. The University of Chi-
cago and Avania investigators had sole control of study data.
All authors had control of reporting of data.

Study Sample

The Delphinus SoftVue Prospective Case Collection-Arm 1
study enrolled asymptomatic women scheduled for a screen-
ing mammogram across 10 sites in the United States between
August 2017 and October 2019. Female patients aged 18
years or older of any race or ethnicity and with heterogeneous
or extremely dense breasts were eligible to enroll. Women
with prior breast intervention, including breast-conserving
surgery, and implants were also eligible. Patients were not eli-
gible if they (2) weighed more than 350 Ibs (159 kg), (4) were
pregnant or lactating, (¢) were diagnosed with breast cancer in
the prior year, (4) had a benign biopsy less than 7 days prior,
(¢) had an open wound, or (f) were unable to lie prone for
15 minutes. Patients who were lost to follow-up, withdrew,
had images collected on older versions of the SoftVue system
or underwent unilateral imaging, had Breast Imaging Re-
porting and Data System (BI-RADS) density A or B, or were

US to mammography (11). However, both handheld
US and automated US reduce specificity when added

to mammography. In a review of 35 studies, Berg and

7,439
Enrolled

Vourtsis (8) found that mammography with auto-
mated US or handheld US increased the recall rate by
10.6% and 7.5%, respectively. While automated US
reduces operator dependence, the long interpretation
time burdens clinical workflow (12—-14).

Unlike US with B mode only, breast US tomogra-
phy (UST) system provides four coronal volumetric
image sequences of B mode and quantitative tissue
characterization information, including tissue stiff-
ness, speed of sound, and attenuation (15). By merg-
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Materials and Methods

In this retrospective study, images obtained in the
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Delphinus SoftVue Prospective Case Collection-
Arm 1 study were evaluated (ClinicalTrials.gov:

NCT03257839). The current study was approved
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the Health Insurance Portability and Accountability

Act, and registered as the Delphinus SoftVue™ ROC ~ Figure 1z f
Reader Study (ClinicalTrials.gov: NCT04260620). *Patients did not return for follow-up mammogram or biopsy within 456 days. fimages acquired

The original study obtained written informed con-

lowchart shows selection of patients from the prospective case collection registry.

on early-device iterations that did not match the commercially released configuration were ex-
cluded. *Exclusion criteria included unilateral imaging, Breast Imaging Reporting and Data System

sent from patients and the current Study obtained  density A or B, and simulianeous enrollment in another study arm.
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Stiffness Fusion

Reflection

Images from the automated breast US tomography system (SoftVue; Delphinus Medical Technologies). Four coronal volumetric image-stack sequences are

the change in the speed of sound moving through breast tissue); reflection (equivalent to B mode); and siffness fusion (transmission properties of sound speed and attenuation

overlaid on coregistered reflection images to highlight relative differences in issue stiffness). A single slice from each sequence is shown.

BI-RADS® Assessment | SoftVue Findings Schematic of image sequences
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Figure 3: Cusfomized Breast Imaging Reporting and Data System (BI-RADS) assessment categories to enable consistent ratings when breast US
tomographic (UST) image was interpreted together with full-field digital mammogram in the reader study. The schematics of UST image sequences

are added as examples of one of several ways that each BI-RADS category can present on UST image. AD = architectural distortion.

simultaneously enrolled in another arm of the original study
were excluded in the current study (Fig 1).

Cancers were diagnosed with image-guided or excisional
biopsy, and noncancers were diagnosed with either biopsy or
negative findings at imaging follow-up, all within 456 days of

Radiology: Volume 311: Number 3—June 2024 = radiology.rsna.org

the study entry screening (Appendix S1). All patients diag-
nosed with breast cancer in the original study were included
in the current study. Imaging findings proven to be benign at
biopsy (five of 136, 3.7%) or negative at follow-up imaging
(99 of 2890, 3.4%) were randomly selected for inclusion in
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Table 1: Patient Characteristics

Characteristic

Cancer Cases (7 = 36)

Noncancer Cases (7 = 104)

Total (7 = 140)

History of prior breast procedures
Biopsy, not otherwise specified’

None
Family history of breast cancer®

Yes

Age” 58.1+10.8
History of breast cancer
Yes 5.6 (2/36)
No 94.4 (34/36)

33.3 (12/36)

Needle biopsy 25.0 (9/36)
Cyst aspiration 11.1 (4/36)
Excisional biopsy 11.1 (4/36)
Current breast implants 2.8 (1/36)
Lumpectomy* 13.9 (5/36)
Prior breast implant removal 2.8 (1/36)

55.6 (20/36)

55.6 (20/36)

No 44.4 (16/36)

Unknown 0.0 (0/36)
Body mass index* 26.7 + 4.6
Currently menstruating

No 47.2 (17/36)

Yes 30.6 (11/36)

Unknown 22.2 (8/36)
BI-RADS breast density

C 94.4 (34/30)

D 5.6 (2/36)

54.7 +9.8

0.0 (0/104)

100.0 (104/104)

19.2 (20/104)
13.5 (14/104)
9.6 (10/104)
7.7 (8/104)
9.6 (10/104)
0.0 (0/104)
1.0 (1/104)
71.2 (74/104)

51.0 (53/104)
48.1 (50/104)
1.0 (1/104)
247 +4.8

45.2 (47/104)
41.3 (43/104)
13.5 (14/104)

79.8 (83/104)
20.2 (21/104)

55.6 + 10.2

1.4 (2/140)
98.6 (138/140)

22.9 (32/140)
16.4 (23/140)
10.0 (14/140)
8.6 (12/140)
7.9 (11/140)
3.6 (5/140)
1.4 (2/140)
67.1 (94/140)

52.1 (73/140)
47.1 (66/140)
0.7 (1/140)
25.2 +4.8

45.7 (64/140)
38.6 (54/140)
15.7 (22/140)

83.6 (117/140)
16.4 (23/140)

in meters squared.
* Data are means + SDs.
T Self-reported by patient and biopsy method was not specified.

$ Family history includes all blood relatives.

Note.—Unless otherwise indicated, data are percentages and data in parentheses are the numbers used to calculate the percentages.
BI-RADS = Breast Imaging Reporting and Data System. Body mass index was calculated as weight in kilograms divided by height

# Out of five patients, two had lumpectomy for breast cancer and three for benign lesions.

this study. The biopsy yield of cancer in this cohort was 21%
(36/36 + 136]).

‘The primary end point was the difference in performance be-
tween FFDM plus UST and FFDM alone. The secondary end
points were patient-level sensitivity and specificity based on a
BI-RADS category 4 threshold (main analysis) and a BI-RADS
3 threshold (supportive analysis).

Definitions

The sensitivity of BI-RADS 4 was defined as the fraction of can-
cer cases that a reader reported as BI-RADS 4 or higher, and the
specificity of BI-RADS 4 was defined as the fraction of non-
cancer cases that a reader reported as BI-RADS 3 or lower. The
BI-RADS 3 sensitivity and specificity were defined analogously.

Breast UST Procedure

UST (SoftVue; Delphinus Medical Technologies) was performed
with a ring transducer while the participant lay prone, with the
breast stabilized in a water-filled imaging chamber. The water
provided coupling of sound energy between the transducer and
the breast. The transducer scanned the entire breast from the

nipple to the chest wall in 2—4 minutes. Reflection, sound speed,
and attenuation data were processed to produce four coronal
volumetric image sequences: wafer, sound speed, reflection, and
stiffness fusion (15) (Fig 2, Appendix S2).

Analysis of Breast UST

Thirty-two Mammography Quality Standards Act—qualified
general or breast radiologists from academic, private, and
community-based practices in diverse areas participated in
the study. They had a wide range of breast imaging experience
(range, 2-37 years) and annual mammography volume (2 =
500-25000) (Table S1). The readers had no prior UST expe-
rience, were not associated with the sites where imaging was
performed, and had not previously reviewed any of the images
included in the study. Each reader completed 12 hours of UST
training, including video modules and hands-on training by a
radiologist with 22 years of experience in breast imaging.

Each reader independently interpreted sets of patient im-
ages in a unique random order in an environment that sim-
ulated clinical reading. Readers were provided a lexicon of
lesion characteristics corresponding to BI-RADS assessment

radiology.rsna.org = Radiology: Volume 311: Number 3—June 2024



Table 2: Characteristics of Cancer Lesions

Percentage of Total

Characteristic Cancer Cases

Type of cancer
Invasive ductal carcinoma, 50.0 (18/36)
not otherwise specified

30.6 (11/36)

Ductal carcinoma in situ

Invasive lobular carcinoma 11.1 (4/36)

Other malignancy 8.3 (3/36)
Lesion type

Mass 61.1 (22/36)

Calcifications 30.6 (11/36)

Mass plus calcifications 5.6 (2/36)

Asymmetry 2.8 (1/36)
Laterality

Left 55.6 (20/36)

Right 44.4 (16/36)
Location

33.3 (12/306)
30.6 (11/306)

Upper outer quadrant
Upper inner quadrant

Lower outer quadrant 19.4 (7/36)
Lower inner quadrant 8.3 (3/36)
Retroareolar/periareolar/central 8.3 (3/36)
Tumor size stage™
TO 2.8 (1/36)
Tis 27.8 (10/36)
T1 50.0 (18/36)
T2 16.7 (6/36)
T3 2.8 (1/36)
Node invasion stage
NO 66.7 (24/36)
N1mi 2.8 (1/36)
N1 8.3 (3/36)
NX 22.2 (8/36)

Note.—Data are percentages and data in parentheses are the
numbers used to calculate the percentages.

*T0 = No evidence of primary tumor, Tis = carcinoma in situ,
T1 = tumor < 20 mm in greatest dimension, T2 = tumor > 20 mm
but < 50 mm, T3 = tumor > 50 mm.

"NO = No regional lymph node metastases, N1mi =
micrometastases (> 0.2 mm and < 2 mm) to axillary lymph
node(s), N1 = metastases to one to three axillary lymph nodes(s)
and/or the internal mammary lymph nodes, NX = regional
lymph nodes cannot be assessed.

categories (Fig 3) and were blinded to the ground truth (cancer
vs noncancer) and prior images. Readers were informed liter-
ally that “cancer prevalence was greater than typically seen in
clinical practice of asymptomatic screening populations” with-
out any other specific detail. For each patient, FFDM with four
standard views (mediolateral oblique and craniocaudal) and
UST with four coronal volumetric sequences were reviewed.
The reader interpreted FFDM first and marked no more than
three suspicious findings. The reader also assigned a BI-RADS
assessment category (1 through 5; BI-RADS 0 was not per-
mitted) and a malignancy score (between 0 and 100) for each
lesion and for the patient overall. This use of the BI-RADS

Radiology: Volume 311: Number 3—June 2024 = radiology.rsna.org
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categories followed other receiver operating characteristic stud-
ies (16-19). The FFDM report was locked, and then the reader
interpreted both modalities together of the same patient and
reported suspicious finding(s), BI-RADS assessment(s), and
malignancy score(s) as previously described. There was no
washout period between readings. The sequential design was
chosen as it more closely mimics the clinical use and little evi-
dence suggests the design would influence results (20,21). The
amount of time it took for each reader to assess each patient’s
FFDM and FFDM plus UST images was recorded. Readings
of 30 minutes or longer, which likely resulted from intentional
breaks, were not included in analysis.

Statistical Analysis
Patient characteristics, lesion characteristics, and reading time
were summarized with fractions and/or percentages for categori-
cal variables and means with SDs or medians with IQRs for con-
tinuous variables. The receiver operating characteristic analysis
was based on the reader-reported malignancy score for each pa-
tient (not those for individual findings). The nonparametric area
under the receiver operating characteristic curve (AUC) value
was estimated by using multireader multicase (MRMC) analysis
of variance method of Obuchowski and Rockette (22). Sensi-
tivity and specificity were assessed by using MRMC analysis of
variance model for binary data (23,24). All analyses required a
reader to correctly localize at least one malignant lesion in a can-
cer case to be credited as a true-positive finding (Appendix S1).
For AUC, BI-RADS 4 sensitivity, and BI-RADS 3 sensitivity
and specificity, the superiority of FFDM plus UST compared
with FFDM alone was evaluated at the two-sided significance
level of o = .05. Per the prespecified statistical analysis plan, non-
inferiority of BI-RADS 4 specificity was evaluated at the one-
sided significance level of a = .025 for noninferiority margin of
—10%. As a supplemental analysis, post hoc, a partial AUC value
for cancer detection was analyzed within an operating range
based on the readers' sensitivity and specificity operating points,
evaluated at the two-sided significance level of o = .05 (25,26).
Average positive predictive value was calculated. Statistical analy-
ses were performed by an author (J. Perez) using SAS (version
9.4; SAS Institute), OR-DBM MRMC (version 2.51; Univer-
sity of lowa), and R (version 3.4.1; The R Foundation) software.
Sample size calculations were performed prior to the conduct
of the study. Thirty-two readers and 140 cases (36 cancer, 104
noncancer) were required for 80% statistical power for superior-
ity in AUC of FFDM plus UST compared with FFDM alone at
two-sided a of .05 (Appendix S3).

Results

Patient and Lesion Characteristics

The prospective case collection enrolled 7439 patients. After
exclusion of 975 patients who were lost to follow-up, 44 who
withdrew from the original study, 3203 who had images col-
lected using older versions of the SoftVue system, and 155 who
had unilateral imaging, BI-RADS density A or B, or were simul-
taneously enrolled in another arm of the original study, a total
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Table 3: Diagnostic Performance for Cancer Detection and Mean Diagnostic Accuracy Metrics for BI-RADS Category 3
and 4 Assessments at Mammography and Mammography Plus UST

Change from FFDM to FFDM Plus UST

Variable FFDM* FFDM Plus UST* Relative Change (%)* Absolute Change* P Value®
AUC 0.54 + 0.05 0.60 + 0.05 10.08 0.05 + 0.02 .03l
(0.45, 0.64) (0.51, 0.69) [(0.600 - .54)/0.54] (0.01, 0.10)
Partial AUC* 0.21 +£0.03 0.25+0.03 19.26 0.04 + 0.02 .02]
(0.15, 0.27) (0.20, 0.31) [(0.25 - 0.21)/0.21] (0.01, 0.07)
BI-RADS 4
Sensitivity (%) 30 + 6 [343/1152] 37 + 6 [428/1152] 25 [(428 - 343)/343] 7 +3[85/1152] .03l
(17, 42) (25, 50) (1, 14)
Specificity (%) 88 +2[2916/3328] 82 + 3 [2741/3328] -6 [(2741 - 2916)/2916] -5 + 2 [-175/3328] .004**
(83,92) (77, 87) (=9, -2)
BI-RADS 3
Sensitivity (%) 33 +7[385/1152] 40 + 6 [461/1152] 20 [(461 - 385)/385] 7 +4[76/1152] .08l
(20, 46) (27, 53) (-1, 14)
Specificity (%) 69 + 3 [2299/3328] 75 + 3 [2491/3328] 8 [(2491 - 2299)/2299] 6 + 3 [192/3328] .04
(63,76) (69, 81) (0.3,11)

Note.—Unless otherwise indicated, data are means + standard errors; data in parentheses are 95% Cls and data in brackets are the

numbers used to calculate the percentages. FFDM and FFDM plus UST from 140 patients were reviewed by 32 readers and correct lesion
localization was required for this analysis. Among these patients, 36 had breast cancer and 104 had no cancer. AUC was estimated using the
analysis of variance method of Obuchowski and Rockette (22). Sensitivity and specificity were assessed using the analysis of variance model
for binary data. The numerical values may not add up exactly due to rounding. AUC = area under the receiver operating characteristic
curve, BI-RADS = Breast Imaging Reporting and Data System, FFDM = full-field digital mammography, MRMC = multireader multicase,
UST = US tomography.

* For sensitivity and specificity, the numbers in parentheses are the total number of correct cases over all readers divided by the number of

cases times the number of readers.
T Calculated as (FFDM + UST - FFDM)/FFDM.
# Calculated as (FFDM + UST - FFDM).

relevant operating range.

-10% absolute change.

S All P values were calculated based on absolute change (FFDM + UST - FEDM).
" Two-sided test of superiority (0. = .05) based on # test from analysis of variance model.
# Based on area under the receiver operating characteristic curve and “1 - specificity” values between 0.1 and 0.6 were determined to be the

" One-sided test of noninferiority (o = .025) based on ¢ test from analysis of variance model with prespecified noninferiority margin of

of 3062 patients were eligible for inclusion in this study (Fig 1).
Ultimately 140 women (mean age, 56 years + 10 [SD]) were
included in this study, of whom 36 had breast cancer and 104
did not (Table 1). Of the 36 patients with breast cancer, 18 had
invasive ductal carcinoma, 11 had ductal carcinoma in situ, four
had invasive lobular carcinoma, and three had other malignan-
cies, manifesting as mass, calcifications (visible only on mam-
mography), mass and calcifications, and asymmetry (Table 2).
Two patients had a prior history of cancer with breast-conserving
surgery, and their postsurgical changes did not result in false-
positive findings with either modality (Table 1). The benign
biopsy-proven lesions (7 = 5) were fibrocystic change, fibroad-
enoma, papilloma, duct ectasia, and apocrine metaplasia.

Overall Performance

The overall performance of the 32 readers for cancer detection
was higher with FFDM combined with UST (AUC = 0.60;
95% CI: 0.51, 0.69) compared with FFDM alone (AUC =
0.54; 95% CI: 0.45, 0.64), with FFDM plus UST demonstrat-
ing superiority to FFDM alone (AUC increase = 0.05; 95%

CI: 0.01, 0.10; P = .03) (Table 3). Pooled receiver operating

characteristic curves across the readers are shown in Figure 4A.

AUC in a Relevant Operating Range

The relevant operating range for this study was determined
to be 1 minus specificity values between 0.1 and 0.6 (Fig 4B,
4C). The partial AUC value for cancer detection for FFDM
plus UST demonstrated superiority compared with FFDM
alone (partial AUC = 0.25 [95% CI: 0.20, 0.31] vs 0.21
[95% CI: 0.15, 0.27]; increase = 0.04 [95% CI: 0.01, 0.07],
P =.02) (Table 3, Fig 4A).

BI-RADS 4 Sensitivity and Specificity

For BI-RADS 4 assessment, FFDM plus UST achieved a rela-
tive increase in sensitivity of 25% (85 of 343) and was found to
be superior to FFDM alone (37% [428 of 1152] vs 30% [343
of 1152]; P = .03) (Tables 3, S2; Fig 4B). The mean specificity
of FFDM plus UST was noninferior to that of FFDM alone
(82% [2741 of 3328] versus 88% [2916 of 3328]; one-sided
P=.004), with an absolute decrease of 5% (-175 of 3328). Figure

radiology.rsna.org = Radiology: Volume 311: Number 3—June 2024
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FEDM alone. equivalent ‘% 0.4 - - "’_‘i"_ e 7| and FFDM alone. (B) Breast Imaging Reporting and Data System
o7 q L ot ."% - 1 (BI-RADS) 4 sensitivity versus 1 minus specificity of individual read-
to 2.2 blOPSICS per cancer . _. i ers (dots, with lines connecting FFDM [blue] and FFDM plus UST
detected. For FFDM plus 0.2 L~ 7| [red] from the same reader) and the mean value across all readers
UST, the positive predic- L ’ 4 (diamonds). Error bars represent standard error. (€) BI-RADS 3
> p p
tive value was 42% (428 0.0 . L C sensifivity versus 1 minus specificity of individual readers (dots, with
.. . 0.2 0.4 0.6 0.8 1.0 lines connecting FFDM [blue] and FFDM plus UST [red] from the
of 1015), or 24 blOpSleS . same reader) and the mean value across all readers (diamonds).
per cancer detected. 1- SPECIﬁCIty Error bars represent standard error.

BI-RADS 3 Sensitivity and Specificity

For BI-RADS 3 assessment, FFDM plus UST showed no evi-
dence of an increase in mean sensitivity relative to FFDM alone
(20% [76 of 385]; 40% [461 of 1152] vs 33% [385 of 1152];
P =.08) (Tables 3, S2; Fig 4C). The FFDM plus UST mean
specificity had a relative increase of 8% (192 of 2299), which
was superior to that of FFDM alone (75% [2491 of 3328] vs
69% [2299 of 3328]; P = .04). Figure 6 shows example patient
images that demonstrate an increase in specificity for FFDM
plus UST compared with FFDM alone. UST led to a mean of
3.3 + 1.4 more true-positive findings per reader and a mean of
0.9 + 0.8 more false-negative findings, resulting in a net gain of
2.4 more true-positive findings. UST also led to a mean of 13.2
+ 9.6 more true-negative findings per reader and a mean of 7.3
+ 6.1 more false-positive findings, resulting in a net decrease of
6.0 fewer false-positive findings.

Reading Time

There were a total of 4480 readings (32 readers assessing 140
sets of patient images) for FFDM plus UST and for FFDM
alone. Of the 4480 readings, 4475 FFDM plus UST readings
and 4332 FFDM-alone readings were less than 30 minutes.
Among images read in 30 minutes or less, the median read-
ing time was 3.4 minutes (IQR: 2.3, 4.7) for FFDM plus
UST and 1.2 minutes (IQR: 0.8, 1.7) for FFDM alone. For
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FFDM plus UST, images with normal findings appeared to
have a faster reading time than images where cancer was de-
tected (median, 3.2 minutes [IQR: 2.2, 4.4] vs 3.9 minutes
[IQR: 2.7, 5.4]) (Table 4).

Discussion

Women with dense breasts benefit from supplemental
screening with US (9-11). The purpose of this multireader
multicase study was to evaluate the performance of US to-
mography (UST) combined with full-field digital mam-
mography (FFDM) compared with FFDM alone for breast
cancer screening in women with dense breasts. We found that
FFDM plus UST improved breast cancer detection among 32
readers compared with FFDM alone (area under the receiver
operating characteristic curve, 0.60 [95% CI: 0.51, 0.69] vs
0.54 [95% CI: 0.45, 0.64]; P = .03). Evaluation of FFDM
with UST led to superior Breast Imaging Reporting and Data
System (BI-RADS) 4 sensitivity (relative change in mean sen-
sitivity, 25% [85 of 343]; 37% [428 of 1152] vs 30% [343
of 1152]; P = .03) and noninferior BI-RADS 4 specificity
(relative change in mean specificity, -6% [-175 of 2916];
82% [2741 of 3328] vs 88% [2916 of 3328]; margin, -10%:;
P =.004) compared with FFDM alone, respectively. For BI-
RADS 3 assessment, mean sensitivity did not show evidence
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Example images in a 60-year-old woman with a biopsy-proven triple-negative invasive ductal carcinoma. (A) Negative bilateral mediolateral oblique (leff)

and cranial caudal [right) mammographic views demonstrate heterogeneously dense breasts. (B) Image slices from US tomography (UST). Coronal volumetric image-stack
sequences demonstrate an irregular mass (arrows) with focal siffness in the lower outer quadrant of the left breast, not seen at full-field digital mammography (FFDM). The
four image sequences show the mass, which is dark on wafer, bright on sound speed, persistent on reflection, and focally stiff (orange /red) on stiffness fusion sequences. All
32 readers rated this case as Breast Imaging Reporting and Data System (BI-RADS) 3 or lower (median malignancy score, 23.5 [IQR: 16.0, 35.0]) at FFDM alone, and 17
rated it as BI-RADS 4a or higher (median malignancy score, 54.0 [IQR: 34.0, 74.0]) at FFDM plus UST.

of an increase with FFDM plus UST relative to FFDM alone
(change, 20% [76 of 385]; 40% [461 of 1152] vs 33% [385
of 1152]; P = .08) but mean specificity increased 8% (192 of
2299; 75% [2491 of 3328] vs 69% [2299 of 3328]; P = .04).
The median case reading time was 1.2 minutes (IQR: 0.8,
1.7) for FFDM alone and 3.4 minutes (IQR: 2.3, 4.7) for
FFDM plus UST.

Handheld US and automated breast US as a supplement
to FFDM increase cancer detection in women with dense
breasts (8,10). Our study suggests UST can be another sup-
plemental screening tool. The increase in sensitivity of UST
(relative change in mean BI-RADS-4 sensitivity, 25% [85 of
343]; 37% [428 of 1152] vs 30% [343 of 1152]; P = .03) is

within the reported 22%-41% improvement from a review
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Wafer Right

Wafer Right

Refleftion Right

Réflection Righ;

Yamashita et al

LR stiftnfss Fusion Right

Sfiffness Fusion Ri@m

Figure 6: Example images in a 52-year-old asymptomatic woman with a history of multiple bilateral excisional biopsies and bilateral benign calcifications. (A) Bilateral

mediolateral oblique (left) and cranial caudal (right) mammographic views demonstrate extremely dense breasts with a round mass at 11 o'clock in the right breast (blue
circle) and asymmetry in the superior left breast seen only on the mediolateral oblique view [yellow circle). (B) Image slices from US tomography (UST). Coronal volumetric
image-stack sequences of the right breast demonsirate a cyst (white arrows) at 11 o' clock which corresponds to the mass seen at full-field digital mammography (FFDM).
Another cyst is seen incidentally in the central right breast (blue arrows). The cysts are dark on wafer, gray on sound speed, persistent on reflection, and blue (soff) on stiffness

fusion sequences (Fig 6 continues).

of automated breast US studies (27). UST provides two spe-
cific features that aid in cancer detection. First, coronal volu-
metric image sequences are useful to identify and characterize
lesions. They provide a better view of the fat-glandular in-
terface where most breast cancers are located (28). Second,
the stiffness fusion sequence provides tissue stiffness informa-
tion, which can help differentiate cancer from benign masses
and is not readily available with handheld US or automated
breast US.
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We found that for BI-RADS 4 assessment, addition of UST to
FFDM would lead to additional benign biopsies. For screening
US, reduced positive predictive value is a known limitation, with
reductions ranging from 4.2% to 15.8% (8,27). In comparison,
addition of UST to FFDM resulted in only a slight reduction in
positive predictive value compared with FFDM alone (42.2% vs
45.4%, respectively). Clinical studies are needed to determine
whether supplemental UST can improve cancer detection with-
out substantially increasing the number of benign biopsies.
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Figure 6 (continued): (C) Image slices from UST coronal volumetric image-stack sequences of the left breast demonsirate a cyst at 12 o'clock (yellow arrows), which
corresponds to the asymmetry seen at FFDM. Of the 32 readers, 22 rated this case as Breast Imaging Reporting and Data System (BI-RADS) 2 or lower (median malignancy
score, 39.0 [IQR: 30.0, 41.5]) at FFDM alone, and 28 rated it as BI-RADS 2 or lower (median malignancy score, 30.0 [IQR: 22.0, 39.0]) at FFDM plus UST.

Table 4: Reading Time for FFDM Plus UST and FFDM Alone Images

FFDM Plus UST FFDM Alone
Reading Time Normal (7 = 3164) Benign (7 = 160) Cancer (n = 1151) All (2 = 4475) All (7 = 4332)
Median (min)* 3.2 (2.2,4.4) 3.8 (2.7, 4.8) 3.9 (2.7, 5.4) 3.4 (2.3,4.7) 1.2 (0.8, 1.7)
Range (min) 0.6-26.3 0.3-10.0 0.6-25.3 0.3-26.3 0.3-28.3

* Values in parentheses are the 1st and 3rd quartiles, respectively.

Note.—FFDM = full-field digital mammography, UST = US tomography.

The specificity improvement with FFDM plus UST at BI-
RADS 3 assessment is encouraging. A BI-RADS 3 assessment is
the most common source of false-positive findings in handheld
US and automated breast US screening (8,29). With improved
BI-RADS 3 specificity, radiologists can more accurately charac-
terize masses as benign (BI-RADS 2), leading to fewer BI-RADS
3 assessments. The combined interpretation time of FFDM plus
UST is also promising. While our experience is limited to a
reader study, the 3—4 minutes per case reading time compares fa-
vorably with that of automated breast US, reported as 9 minutes
by Skaane et al (14) and as 3-7 minutes by Berg and Vourtsis
(8). This should allow successful integration of UST into the
clinical workflow.

Similar to other reader studies (16-18), the patient samples
included in this study differ in some ways from those in a pro-
spective clinical trial. All cancers and only 4% of noncancers
were selected. One reason for this is that readers completed this

reader study over a weekend, whereas a clinical trial typically
spans many months. Another is the extremely low breast cancer
prevalence in screening. Combined, these two reasons necessi-
tate to raise the cancer prevalence many folds and to include
only a small fraction of noncancer cases. Therefore, not all clini-
cal cases are represented equally. The five biopsied noncancers
probably did not cover the full spectrum of benign diseases that
require biopsy. Evidence indicates that raised prevalence likely
does not affect the AUC value, thus supporting reader studies as
a useful means to measure clinical performance (30,31).

Our study had limitations. First, our study was conducted
in a laboratory setting and subject to possible “laboratory ef-
fect,” where readers behave differently from clinical practice
(32). The reading environment in our study also differed from
that in clinical practice in that readers had an abbreviated clini-
cal history without prior images and the cancer prevalence was
greater than seen in typical clinical practice. Second, BI-RADS
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category 0 was not used, and readers made biopsy decisions
without diagnostic mammography or targeted US. This devi-
ated from clinical practice but allowed analysis of sensitivity
and specificity specifically pertaining to UST and not con-
founded by other additional imaging modalities, similar to
other reader studies (16-19). Third, we had only five biopsied
noncancer cases, which could have caused underestimation of
the impact of these cases on specificity for both FFDM alone
and FFDM plus UST. Fourth, our study did not have uncom-
mon cancers such as mucinous, medullary, tubular, or intracys-
tic papillary carcinomas. Fifth, none of the readers had prior
experience reading images from SoftVue systems. As this new
technology becomes more widespread, radiologists will gain
more experience with it and their performance for detecting
cancer on UST images is likely to improve.

In summary, this multireader multicase observer performance
study showed that in women with dense breasts, full-field digital
mammography (FFDM) with US tomography (UST) led to im-
proved cancer detection by radiologists compared with FFDM
alone. Large clinical studies and greater clinical experience are
required to understand the clinical benefits of UST.
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