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Purpose: To compare the diagnostic utility of an investigational optoacoustic 
imaging device that fuses laser optical imaging (OA) with grayscale 
ultrasonography (US) to grayscale US alone in differentiating be-
nign and malignant breast masses.

Materials and 
Methods:

This prospective, 16-site study of 2105 women (study period: 
12/21/2012 to 9/9/2015) compared Breast Imaging Reporting 
and Data System (BI-RADS) categories assigned by seven blind-
ed independent readers to benign and malignant breast masses 
using OA/US versus US alone. BI-RADS 3, 4, or 5 masses as-
sessed at diagnostic US with biopsy-proven histologic findings 
and BI-RADS 3 masses stable at 12 months were eligible. In-
dependent readers reviewed US images obtained with the OA/
US device, assigned a probability of malignancy (POM) and 
BI-RADS category, and locked results. The same independent 
readers then reviewed OA/US images, scored OA features, and 
assigned OA/US POM and a BI-RADS category. Specificity and 
sensitivity were calculated for US and OA/US. Benign and ma-
lignant mass upgrade and downgrade rates, positive and nega-
tive predictive values, and positive and negative likelihood ratios 
were compared.

Results: Of 2105 consented subjects with 2191 masses, 100 subjects 
(103 masses) were analyzed separately as a training population 
and excluded. An additional 202 subjects (210 masses) were 
excluded due to technical failures or incomplete imaging, 72 
subjects (78 masses) due to protocol deviations, and 41 subjects 
(43 masses) due to high-risk histologic results. Of 1690 sub-
jects with 1757 masses (1079 [61.4%] benign and 678 [38.6%] 
malignant masses), OA/US downgraded 40.8% (3078/7535) 
of benign mass reads, with a specificity of 43.0% (3242/7538, 
99% confidence interval [CI]: 40.4%, 45.7%) for OA/US versus 
28.1% (2120/7543, 99% CI: 25.8%, 30.5%) for the internal 
US of the OA/US device. OA/US exceeded US in specificity by 
14.9% (P < .0001; 99% CI: 12.9, 16.9%). Sensitivity for biop-
sied malignant masses was 96.0% (4553/4745, 99% CI: 94.5%, 
97.0%) for OA/US and 98.6% (4680/4746, 99% CI: 97.8%, 
99.1%) for US (P < .0001). The negative likelihood ratio of 
0.094 for OA/US indicates a negative examination can reduce 
a maximum US-assigned pretest probability of 17.8% (low BI-
RADS 4B) to a posttest probability of 2% (BI-RADS 3).

Conclusion: OA/US increases the specificity of breast mass assessment com-
pared with the device internal grayscale US alone.

Online supplemental material is available for this article.
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Materials and Methods

This research study had financial and 
equipment support from Seno Medical 
Instruments (San Antonio, Tex). Philip 
T. Lavin, PhD, works for Boston Biosta-
tistics Research Foundation, which has 
a research contract with Seno Medical 
Instruments to provide study design 
and analysis services. F. Lee Tucker, 
MD, has a research contract with Seno 
Medical Instruments to provide central 
pathology review and histopathologic 
analysis services. The joint first coau-
thors (E.I.N., R.B.) have no conflicts 
of interest and had control of the data, 
including any inclusion of data and in-
formation that may have presented a 
conflict of interest for Seno Medical 
Instruments.

Study Device
A full description of the study device 
is provided in Appendix E1 (online). In 
brief, the first-generation OA/US de-
vice utilizes a single handheld duplex 
probe that functions both as a stand-
alone grayscale US transducer and as 
a duplex optoacoustic imaging device. 

earlier techniques variably reported as 
optoacoustic tomography, photoacoustic 
mammography, and photoacoustic im-
aging, has achieved translational status 
from preclinical research in phantoms 
and animal models to clinical trials (6–
18). Clinical studies using human proto-
type systems have validated the feasibil-
ity of optoacoustic technology to detect 
molecular constituents of breast tissue 
including endogenous constituents, like 
oxygenated and deoxygenated hemo-
globin, that may facilitate distinction 
between benign and malignant tumors. 
The earlier systems display functional 
information in the form of quantitative 
data or as a supplemental parametric 
map without real-time correlation with 
grayscale US features. In this study, we 
evaluate an optoacoustic device that 
generates temporally interleaved, coreg-
istered, real-time images of grayscale 
US with fused color-coded optoacoustic 
features of benign and malignant breast 
masses.

By fusing laser optic imaging (OA) 
with grayscale US, OA/US has the ability 
to demonstrate morphology and hemo-
globin amount plus relative oxygenation 
within and around breast masses, with 
the advantage of no ionizing radiation 
or contrast agent injection. Based on 
the principles that (a) malignant tumors 
trigger neoangiogenesis and (b) they 
extract oxygen from hemoglobin to a 
greater degree than most benign masses 
or normal tissue, OA/US has the poten-
tial to enhance US specificity without 
compromising sensitivity. Our purpose 
is to compare the diagnostic specificity 
of OA/US to US alone, utilizing the in-
ternal US of the OA/US device, through 
a prospective, multicenter clinical trial.

https://doi.org/10.1148/radiol.2017172228
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Advance in Knowledge

 n An investigational optoacoustic 
imaging device that fuses laser 
optical imaging (OA) with gray-
scale ultrasonography (US) shows 
improved specificity in breast 
mass assessment by independent 
readers utilizing OA/US com-
pared with the internal grayscale 
US of the device alone.

 n OA/US enabled readers to down-
grade 40.8% (3078/7535, 99% 
confidence interval [CI]: 39.4%, 
42.3%) of Breast Imaging 
Reporting and Data System (BI-
RADS) assessments of benign 
masses, originally interpreted as 
BI-RADS 4B or BI-RADS 4A to 
BI-RADS 3; BI-RADS 4A to BI-
RADS 2; and BI-RADS 3 to BI-
RADS 2 (P < .0001).

 n OA/US enabled readers to 
upgrade 30.6% (1453/4745, 99% 
CI: 28.9%, 32.4%) of BI-RADS 
assessments of malignant masses 
reads, originally interpreted as 
BI-RADS 3 to BI-RADS 4A, BI-
RADS 4B or BI-RADS 4C; 
BIRADS 4A to BI-RADS 4B, BI-
RADS 4C, or BI-RADS 5; BI-
RADS 4B to BI-RADS 4C or BI-
RADS 5; and BI-RADS 4C to 
BI-RADS 5 (P < .0001).

Implication for Patient Care

 n OA/US may help downgrade the 
BI-RADS assessment of some 
benign masses, which would 
result in fewer false-positive ex-
aminations, short-term interval 
follow-up studies, and biopsies of 
benign masses, potentially re-
ducing some of the limitations 
and perceived risks of breast 
imaging.

The need to improve the diagnostic 
specificity of diagnostic mammogra-
phy and ultrasonography (US) has 

led to interest in modalities that might 
extract useful distinguishing features 
between benign and malignant masses 
based on tumor biology. Contrast ma-
terial–enhanced breast magnetic reso-
nance (MR) imaging has been shown to 
be highly sensitive but limited in specific-
ity due to the preponderance of vascular 
benign lesions (1–3). MR imaging also 
requires contrast agent injection, carries 
a high cost, and excludes patients with 
incompatible implanted devices. Scin-
timammography is similarly limited by 
false-positive findings, as well as the 
need for radionuclide injection and a 
relatively high total body radiation dose 
compared with conventional mammog-
raphy (4,5). Optoacoustic imaging, with 
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combines the high contrast resolution 
of optical imaging with the high spatial 
resolution and more robust depth pen-
etration of grayscale US (6–12).

Study Design
Eligible women over the age of 18 years 
with a breast mass assessed at US as 
BI-RADS 3, 4, or 5 were enrolled in 
a HIPAA-compliant, institutional re-
view board–approved, prospective, 

temporarily interleaved with grayscale 
US, producing real-time maps of rela-
tive oxygenation (spectrum of green 
[most oxygenated] to aqua) and deoxy-
genation (spectrum of red to pink [most 
deoxygenated]) of hemoglobin (8)  
(Fig 1). Akin to real-time grayscale US, 
representative real-time color map im-
ages can be frozen and both the still 
images and any recorded video loops 
can be archived. This process thus 

The stand-alone US component of the 
OA/US device was designed to meet 
specifications comparable to state-of-
the-art US machines and transducers 
in current clinical use. The study de-
vice can be set to US mode, generating 
only grayscale US images, or to OA/US 
mode, producing grayscale US images 
with fused functional OA data. When 
in OA/US mode, the received OA sig-
nal is color-coded, coregistered, and 

Figure 1

Figure 1: A 6-mm grade II invasive mixed ductal and lobular carcinoma, luminal B type, seen on a standard 6-on-1 OA format. A, Grayscale 
image. B, The OA combined map shows relatively oxygenated blood as green and relatively deoxygenated blood as red and is subjected to a 
threshold to minimize colorization of surrounding tissues. C, The OA short-wave gray map, which shows relatively more deoxygenated hemo-
globin. D, The OA total hemoglobin map, where oxygenated blood is not distinguished from deoxygenated blood and total hemoglobin is shown 
with yellow and is also subjected to a threshold. E, The OA relative map shows oxygenated blood in green and relatively deoxygenated blood in 
red and is not subjected to a threshold. F, The OA long-wave gray map, which shows relative oxygenated blood more. Segmentation lines were 
manually drawn on the US image and propagated to coregistered locations on the five OA maps to help distinguish distribution of OA findings 
within three zones: i = internal zone, corresponding to the hypoechoic central nidus of the mass; bz = boundary zone, corresponding to the 
ill-defined echogenic halo that occurs around most invasive masses; and pz = the peripheral zone, which lies peripheral to the boundary zone. 
This small 6-mm luminal B carcinoma is positive in all three zones. There are polymorphic (varying in size, shape, and orientation) deoxygenated 
vessels within the internal zone, there is a deoxygenated blush within the boundary zone between the white and aqua colored segmentation 
lines, and there are multiple oxygenated peripheral radiating arteries within the peripheral zone (arrows). Note that the red deoxygenated 
blush is better seen on OA shortwave map (∗). The OA feature scores assigned were 5 for the internal vessel score, 5 for internal blush score, 
3 for internal total hemoglobin score, 6 for boundary zone deoxygenated blush score, and 5 for peripheral zone radiating vessel score. The 
unweighted sum of all five OA feature scores was 24 of 26. The weighted sum of scores predicted a risk of malignancy of 97%–99%.
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the quality assurance radiologists. BI-
RADS 3 masses with no follow-up and 
BI-RADS 4A or higher masses with no 
biopsy were also excluded.

The resulting population of sub-
jects and masses, termed the “intent-
to-diagnose” population was used for 
analysis purposes. A separate panel of 
three independent radiologists, termed 
the “truth panel,” was selected to re-
view a subset of this population upon 
completion of the study, specifically the 
BI-RADS 3 masses to assess if they had 
increased in size by  20% or BI-RADS 
score to BI-RADS 4A or higher based on 
American College of Radiology (ACR) 
BI-RADS criteria, even though the clin-
ical radiologists from the participating 
sites may not have upgraded these mass-
es from BI-RADS 3 to a higher BI-RADS 
category. Masses passed by the truth 
panel as “truth panel benign,” based on 
12-month stability and imaging features 
that meet ACR BI-RADS criteria for BI-
RADS 3 lesions, were placed in the be-
nign category and analyzed together with 
biopsied benign masses. High-risk le-
sions, including atypical ductal hyperpla-
sia, atypical lobular hyperplasia, lobular 
carcinoma in situ, flat epithelial atypia, 
papilloma with atypia, phyllodes tumor, 
and radial scar, were also planned to be 
excluded from the statistical analysis to 
focus this initial study on unequivocally 
benign and malignant masses (Table 1).  
Of the 100 subjects in the pilot popu-
lation, the first 30 cases were used for 
interactive training, while the remaining 
70 cases were used for proficiency test-
ing of all panel radiologists and readers 
prior to the study. See Appendix E1 (on-
line) for additional details.

Reader Study
Seven dedicated breast imagers with 
18–34 years of experience in breast im-
aging served as independent readers. 
They were blinded to clinical data, 
mammography data, and conventional 
US and, if applicable, MR imaging, as 
well as imaging reports and, in the case 
of biopsied masses, pathology reports. 
The readers only had access to imag-
ing obtained with the OA/US device, 
including internal grayscale US and OA/
US color maps.

initial visit and, if applicable, subse-
quent surgical excision was performed 
within 45 days of the initial biopsy.

OA/US scans were performed by 
site investigator radiologists or technol-
ogists who received didactic and initial 
hands-on training on the OA/US device. 
Once the study commenced, clinical 
application specialists visited each site 
to provide further hands-on training 
with additional training, as requested. 
OA/US imaging included grayscale US 
images obtained with the duplex trans-
ducer in US only (internal grayscale US) 
mode, as well as fused OA and US im-
ages in the duplex (OA/US) mode. A 
standard, predefined imaging protocol 
was applied at all sites. It included stan-
dard orthogonal grayscale images in 
both the internal US and OA/US modes, 
as well as orthogonal video loops in both 
modes acquired to simulate real-time 
scanning for the independent readers. 
The video loops were approximately 
30 seconds each and included not only 
the mass, but also 1–2 cm of the sur-
rounding tissue, along both the long 
and short axis of the transducer. Site 
investigator radiologists and technol-
ogists could use spatial compounding, 
tissue harmonics, and color Doppler 
when in grayscale US mode but were 
not required by the protocol to submit 
images of either. Site investigators did 
not interpret the internal US or OA/
US scans, and clinical decisions about 
patient management were based solely 
upon standard of care—that is, clinical 
findings, mammography (if performed), 
and conventional diagnostic US.

Subject Populations
An initial sample of 100 subjects from 
seven of the 16 sites was planned as 
a training population, termed the “pi-
lot” study, to be analyzed and reported 
separately. This population was used 
for education, training, and proficiency 
testing of readers prior to launching 
the pivotal trial. After excluding the 
training population, the population of 
all remaining subjects imaged with OA/
US was defined as the “safety” popula-
tion, analyzed to ensure documentation 
of all adverse events. Each image set 
for each mass was reviewed by one of 

multi-institutional clinical trial conduct-
ed at 16 sites (seven academic and nine 
private practices) between December 
21, 2012, and September 9, 2015. In-
dications for US included (a) palpable 
mass discovered clinically and/or (b) 
suspicious imaging findings, including 
mass, architectural distortion, asym-
metry, or calcifications, discovered 
with any screening or diagnostic im-
aging modality other than US, within 
the previous 45 days. Subjects were 
excluded if they had more than three 
suspicious masses to minimize statisti-
cal bias or if they had a history of any 
of the following conditions that may 
alter vascularization of the enrolled 
mass: prior breast cancer diagnosis in 
the ipsilateral breast, benign surgical 
biopsy within the previous 18 months 
in the same quadrant as the enrolled 
mass, prior core needle biopsy of the 
enrolled mass, concurrent mastitis or 
posttraumatic ecchymosis of the ipsi-
lateral breast, pregnancy, or lactation. 
Masses larger than 4 cm were excluded 
because the field of view of the duplex 
probe may not allow adequate assess-
ment of OA/US features in the sur-
rounding tissues of such large masses. 
Consecutive subjects meeting the inclu-
sion criteria and none of the exclusion 
criteria were enrolled (Appendix E2 
[online]). This trial was registered on 
the ClinicalTrials.gov website with reg-
istration number NCT01943916.

In addition to a BI-RADS category, 
site radiologists assigned a probabil-
ity of malignancy (POM) to each mass 
ranging from 3% to 99% based on di-
agnostic work-up with standard of care 
clinical, mammographic, and conven-
tional sonographic information. Sub-
jects with BI-RADS 3 masses agreed 
to undergo baseline OA/US upon en-
rollment, as well as follow-up conven-
tional standard-of-care US and OA/
US 12 months after enrollment. Those 
who underwent biopsy because of new 
clinical or imaging findings within the 
12-month period underwent follow-up 
OA/US imaging prior to the biopsy. In 
subjects with masses assessed as BI-
RADS 4A or higher, OA/US was per-
formed first, then core needle biopsy 
was performed within 45 days of the 
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P = .01 was required to demonstrate 
statistical significance for all secondary 
endpoints to account for multiple effec-
tiveness endpoints, after establishing 
significance for the primary endpoint at 
P = .01 using the generalized estimating 
equations.

The primary objective was to de-
termine OA/US specificity relative to 
the internal grayscale US of the device 
which, while not independently tested 
against state-of-the art US machines in 
current clinical practice, was built to 
specifications of US systems available 
in 2012. Secondary outcome measures 
that could be affected by specificity, 
including sensitivity, downgrading BI-
RADS assessment of benign masses, 
and upgrading BI-RADS assessment of 
malignant masses, were also analyzed. 
In addition, positive and negative pre-
dictive values and positive and negative 
likelihood ratios were calculated.

Interobserver variability was as-
sessed by using a weighted Kappa (6 × 
6 grid [BI-RADS = 2, 3, 4a, 4b, 4c, and 
5, Cicchetti-Allison weights]) for each 
reader and summed across readers, 
since the feature scores are ordinal 

grading utilized the Nottingham (Scarff-
Bloom-Richardson) scheme (SBR). Tu-
bule formation (SBR-T), nuclear atypia 
(SBR-N), mitotic count (SBR-M) and 
total score (SBR-Total) were recorded. 
Additional lesion attributes measured 
for each defined tumor zone included 
tumor cellularity-to-stroma ratio, vessel 
size, vessel density, and leukocyte den-
sity (Fig 3, Fig E1 [online]).

Statistical Analysis
This study used a multiple reader, mul-
tiple case, fixed crossover design in 
which internal grayscale US assessment 
was locked prior to OA/US evaluation. 
Effectiveness analyses were performed 
by using the number of masses, rather 
than subjects, in the intent-to-diag-
nose population. Given that only 4.1% 
(71/1739) of subjects had multiple 
masses (68 subjects had two masses 
each [49 ipsilateral, 19 bilateral] and 
three subjects had three masses each 
[one ipsilateral, two bilateral]), all 
masses were modeled as independent 
observations (Appendix E4 [online]). 
The threshold for defining a positive 
POM was greater than 2%. A two-sided 

Each independent reader evaluated 
the internal and external US and OA/
US images for every mass. For BI-RADS 
3 masses that passed truth panel review 
as truth panel benign masses based on 
stability, the readers reviewed images 
obtained both at enrollment and at 
12-month follow-up. Grayscale US im-
ages obtained with the OA/US device 
were evaluated first, with BI-RADS as-
sessment and POM assigned and locked 
prior to reviewing OA/US images. OA/
US images were evaluated next and OA 
scores were provided for three internal 
OA features within the tumor interior 
and two external OA features: one de-
scribing features in the boundary zone 
immediately surrounding the tumor 
(analogous to the thick echogenic rim 
surrounding some tumors on grayscale 
US images) and the other referring to 
the peripheral zone comprising sur-
rounding breast tissue within the field 
of view beyond the boundary zone (Fig 
1). Reader scores were determined 
according to predefined scoring cri-
teria that independent readers had 
been trained to assess (Fig 2, Table 2).  
The three internal scores include the 
number of individually resolved ves-
sels and their relative degree of deox-
ygenation (vessel score), tumor blush, 
representing volume-averaged vessels 
too small to resolve individually (blush 
score), and amount of hemoglobin 
(hemoglobin score). The two external 
scores reflect the amount and relative 
oxygenation of hemoglobin as well as 
vessel morphology within the tumor 
boundary zone (boundary zone score) 
and periphery (peripheral score). Sub-
study reading details for intra- and in-
terreader variability are described in 
Appendix E1 (online).

Histopathologic Analysis
An independent central pathologist 
(F.L.T.) with more than 30 years of ex-
perience in breast pathology, blinded 
to the imaging features, reviewed all 
pathology reports and, at his discre-
tion, had the option to request and re-
view histologic specimen slides to de-
termine the final diagnosis. Histologic 
assessment was based on standard 
hematoxylin-eosin stains. Histologic 

Table 1

Study Population

Population No. of Subjects No. of Masses

Total enrolled 2105 (100%) 2191 (100%)
 Subjects excluded from safety population

  OA/US imaging not performed or incomplete* 33 (1.6%) 33 (1.5%)

  Pilot study training population 100 (4.8%) 103 (4.7%)

Safety population† 1972 (93.7%) 2055 (93.8%)

 Subjects excluded from intent to diagnose population

  Quality/technical failure 169 (8.0%) 177 (8.1%)

  BI-RADS 3 mass, no 12-month follow up 38 (1.8%) 38 (1.7%)

  BI-RADS 4–5 mass, no biopsy 25 (1.2%) 31 (1.4%)

  Consent-related protocol deviation 1 1

Intent-to-diagnose population 1739 (82.6%) 1808 (82.5%)

 Subjects excluded from reader study

  High-risk lesion at pathologic evaluation 41 (1.9%) 43 (2.0%)

  BIRADS 3 mass, increased size or BI-RADS upgrade at  
  12-month follow-up but not biopsied

8 (0.4%) 8 (0.4%)

Final reader study population 1690 (80.3%) 1757 (80.2%)

*Technical malfunction or protocol deviation.
†Safety population analyzed for adverse events.
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Figure 2

Figure 2: Reference key images demonstrate minimum and maximum scores for each OA feature. The top row is an example of the lowest score in each category 
and the bottom row is an example of the highest score in each category. Each OA feature score is described in detail in Table 2.

Table 2

OA/US Feature Scores: Definitions and Correlations with Malignancy

OA/US Feature Score Benign Malignant PPV of OA Feature (Malignant/All Reads)

Vessel score (internal vascularity and deoxygenation)
 0, No internal vessels 967 (12.8%) 315 (6.6%) 24.6% (315/1282)

 1, Normal internal vessels without branches, red or green 2417 (32.0%) 590 (12.4%) 19.6% (590/3007)

 2, Normal internal vessels with branches, mostly green 937 (12.4%) 418 (8.8%) 30.8% (418/1355)

 3, Internal signal; green = red in amount and less red than background 1437 (19.0%) 1139 (24.0%) 44.2% (1139/2576)

 4, Internal signal; red > green and red > background 1416 (18.7%) 1749 (36.9%) 55.3% (1749/3165)

 5, Multiple internal red vessels 363 (4.8%) 534 (11.3%) 59.5% (534/897)

 No. of reads 7537 4745 38.6% (4745/12282)

 Mean (SD) 2.1 (1.48) 3.1 (1.41)

 99% CI (2.1, 2.2) (3.0, 3.1)

 Median (25th, 75th) 2 (1, 3) 3 (2, 4)

Blush score (internal tumor blush and deoxygenation)

 0, No internal vessels 260 (3.4%) 82 (1.7%) 24.9% (82/342)

 1, Minimal internal signal, all green 1658 (22.0%) 392 (8.3%) 19.1% (392/2050)

 2, Mild internal signal; red = green and red + green < background 2420 (32.0%) 866 (18.2%) 26.4% (866/3286)

 3, Mild internal signal; red > green and both < background 1221 (16.2%) 884 (18.6%) 42.0% (884/2105)

 4, Moderate internal signal; red > green and red also > background 1680 (22.2%) 2264 (47.7%) 57.4% (2264/3944)

 5, Red blush almost fills lesion 298 (3.9%) 257 (5.4%) 46.3% (257/555)

 No. of reads 7537 4745 38.6% (4745/12282)

 Mean (SD) 2.4 (1.26) 3.2 (1.15)

 99% CI (2.4, 2.5) (3.1, 3.2)

 Median (25th, 75th) 2 (1, 4) 4 (2, 4)

Table 2 (continues)
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(rather than nominal) (19). Intraclass 
coefficients treating the OA feature 
scale as a continuous variable were also 
computed to summarize interreader 
agreement. See Appendix E5 for full dis-
cussion of statistical methods (SAS ver-
sion 9.4.; SAS, Cary, North Carolina).

OA/US Feature Score Benign Malignant PPV of OA Feature (Malignant/All Reads)

hemoglobin score (relative internal hemoglobin)
 0, No internal hemoglobin (Hgb) 917 (12.1%) 288 (6.1%) 23.9% (288/1205)

 1, Minimal internal Hgb, less Hgb than background 3042 (40.3%) 1122 (23.6%) 26.9% (1122/4164)

 2, Minimal internal Hgb in discrete vessels, Hgb = background 984 (13.0%) 613 (12.9%) 38.4% (613/1597)

 3, Moderate internal Hgb in discrete vessels, Hgb = background 1337 (17.7%) 1213 (25.6%) 47.6% (1213/2550)

 4, Many large internal vessels containing Hgb amount > background 1079 (14.3%) 1396 (29.4%) 56.4% (1396/2475)

 5, Many large Hgb filled vessels almost fill central nidus of mass 178 (2.4%) 113 (2.4%) 38.8% (113/291)

 No. of reads 7537 4745 38.6% (4745/12282)

 Mean (SD) 1.9 (1.36) 2.6 (1.35)

 99% CI (1.8, 1.9) (2.5, 2.6)

 Median (25th, 75th) 1 (1, 3) 3 (1, 4)

Boundary zone score (external boundary zone vascularity and deoxygenation)

 0, No capsular/boundary zone vessels 1056 (14.0) 167 (3.5) 13.7% (167/1223)

 1, Normal capsular/ boundary zone vessel(s) without branches (long, curved, 
parallel to capsule, not perpendicular to capsule)

2566 (34.0) 287 (6.0) 10.1% (287/28538)

 2, Normal capsular/ boundary zone vessel(s) with normal tapering acutely 
angled branches, mostly green

552 (7.3) 113 (2.4) 17.0% (113/665)

 3, Capsular/ boundary zone signal; green = red; red < background red 1115 (14.8) 485 (10.2) 30.3% (485/1600)

 4, Capsular/ boundary zone signal; red > green; red > background red 1453 (19.3) 1304 (27.5) 47.3% (1304/2757)

 5,  3 capsular/ boundary zone red vessels, some perpendicular 491 (6.5) 1739 (36.6) 78.0% (1739/2230)

 6, Boundary zone deoxygenated blush 304 (4.0) 650 (13.7) 68.1% (650/954)

 No. of reads 7537 4745 38.6% (4745/12282)

 Mean (SD) 2.3 (1.73) 4.2 (1.48)

 99% CI (2.2, 2.3) (4.1, 4.2)

 Median (25th, 75th) 2 (1, 4) 5 (4, 5)

Peripheral zone score (external peripheral zone radiating vessels)

 0, No peripheral zone peritumoral vessels 1613 (21.4) 362 (7.6) 18.3% (362/1975)

 1, 1 or 2 peripheral zone feeding or draining vessels, at least one green, not in 
a radiating pattern

3840 (50.9) 704 (14.8) 15.5% (704/4544)

 2, > 2 peripheral zone vessels, but random orientation, not radiating 
perpendicular to the surface of the mass

585 (7.8) 248 (5.2) 29.8% (248/833)

 3, 1 or 2 peripheral zone radiating vessels 940 (12.5) 1072 (22.6) 53.3% (1072/2012)

 4, > 2 peripheral zone radiating vessels on one side of the mass 263 (3.5) 905 (19.1) 77.5% (905/1168)

 5, > 2 peripheral zone radiating vessels on more than one side of the mass 296 (3.9) 1454 (30.6) 83.1% (1454/1750)

 No. of reads 27537 4745 38.6% (4745/12282)

 Mean (SD) 1.4 (1.26) 3.2 (1.64)

 99% CI (1.3, 1.4) (3.2, 3.3)

 Median (25th, 75th) 1 (1, 2) 3 (2, 5)

Note.—PPV = positive predictive value, SD = standard deviation.

Table 2 (continued)

OA/US Feature Scores: Definitions and Correlations with Malignancy

Results

Subject Disposition

Of 2105 consented subjects with 2191 
masses, 23 subjects (23 masses) were 
enrollment failures, 10 (10 masses) 

were excluded because of incomplete 
imaging, and 100 pilot phase subjects 
(103 masses) were analyzed separately 
as a training population. The remain-
ing 1972 subjects (mean age, 49.4 
years; age range, 18–88 years) with 
2055 masses constituted the safety 
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panel benign after 12-month follow-up, 
37.5% (678/1808) were biopsy-proven 
malignant, and 2.4% (43/1808) had 
high-risk histologic findings at core nee-
dle biopsy and/or subsequent excisional 
biopsy. A total of 47.1% (851/1808) 
of masses occurred in subjects with 
mammographic density of C or D, and 
42.0% (760/1808) were palpable (Ap-
pendix E3, Appendix E4 [online]). His-
topathologic results of biopsied masses 
are presented in Table 3. The final 
reader study population consisted of 
1690 subjects with 1757 masses (1079 
biopsied or truth panel benign and 678 
biopsied malignant).

Diagnostic Specificity and Sensitivity
Diagnostic specificity for benign 
masses was 43.0% (3242/7538, 99% 
CI: 40.4%, 45.7%) for OA/US versus 
28.1% (2120/7543, 99% CI: 25.8%, 
30.5%) for internal US. OA/US had 
an absolute specificity advantage of 
14.9% over internal US (P < .0001; 
99% CI: 12.9%, 16.9%) (Table 4). By 
comparison, the specificity of conven-
tional diagnostic US was 25.4% (99% 

classified as BI-RADS 3 masses per re-
ports from their clinical sites and, as 
protocol follow-up did not extend be-
yond 12 months, no further follow-up 
on these subjects was obtained.

Mean age in the intent-to-diagnose 
population was 49.5 years (range, 
18–88 years), with a mean age of 44.1 
years (range, 18–87 years) for subjects 
with benign masses and 58.1 years 
(range, 23–88 years) for subjects with 
malignant masses (P < .0001). Of the 
1739 subjects, 4.1% (71/1739) had 
more than one mass, including 3.9% 
(68/1739) with two masses and 0.2% 
(3/1739) with three masses. The most 
common reasons for referral were 
“recall for suspicious image” or “focal 
physical signs and symptoms,” with 
one or the other present in 90.1% 
(1566/1739) of subjects. An additional 
2.7% (47/1739) of subjects were re-
ferred for “interval clinical problems” 
(Appendix E3 [online]).

Of the 1808 masses in the intent-to-
diagnose population, 49.2% (889/1808) 
were biopsy-proven benign, 10.5% 
(190/1808) were classified as truth 

Figure 3

Figure 3: Histologic correlations for zonal OA findings for, A, the OA combined map shown in Figure 1. B shows a peripheral zone radiating 
artery surrounded by fat (labeled A) and vein (labeled V ) corresponding to oxygenated radiating vessels in the peripheral zone shown on the 
OA image (white dashed box). C shows multiple small tumor vessels (arrows) in the boundary zone that are too small to be individually resolved 
with OA but are numerous enough to be volume average into what appears to be single deoxygenated perpendicularly oriented short boundary 
zone vessel (yellow dashed box). D shows multiple larger polymorphic vessels (arrows) within the internal zone. While these vessels are larger 
(in the 100 micron diameter range), they are close enough together that they are probably volume-averaged to appear as a single vessel in the 
internal zone (aqua dotted box).

population of this study, a population 
defined at the subject level for the pur-
pose of assessing adverse incidents 
associated with OA/US. Independent 
quality assurance radiologists reviewed 
OA/US images and imaging records 
of all subjects in the safety population 
to ensure technical image adequacy. 
There were 169 subjects (177 masses) 
excluded due to technically inadequate 
or incomplete imaging, 38 subjects with 
38 BI-RADS 3 masses were excluded 
due to lack of 12-month follow-up, 
and 25 subjects with 31 BI-RADS 4A 
or higher masses were excluded due 
to lack of biopsy. The resulting popu-
lation, termed the “intent-to-diagnose” 
population, consisted of 1739 subjects 
with 1808 masses. Forty-one subjects 
with 43 biopsied BI-RADS 4A or higher 
masses were excluded due to high-risk 
histologic results at core needle biopsy, 
per protocol, and eight subjects with 
eight BI-RADS 3 masses were excluded 
by independent truth panel radiologists 
because they failed to meet criteria for 
truth panel benign masses at 12-month 
follow-up. These subjects remained 
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CI: 22.0%, 28.9%), based on BI-
RADS categories assigned clinically at 
the participating sites. While we offer 
this comparison as a point of refer-
ence, the only controlled comparison 
in this study is that between the inter-
nal grayscale US of the study device 
and OA/US. Clinical assessments at 
the participating sites were made with 
full awareness of clinical presentation 
and correlation with all available mo-
dalities, while the readers in the study 
were blinded to the above. Further-
more, diagnostic radiologists at the 
participating sites, which included 
both site investigators and their col-
leagues recommending patients for 

Table 3

Biopsied Benign and Malignant Masses: Histopathologic Findings with Corresponding OA/US Scores

Mass Type at Histopathologic 
Examination

No. of Masses Sum of Three  
Internal Scores*

Sum of Two 
External Scores*

Boundary Zone 
Score*

Peripheral Zone Score* Sum of All Five OA/US 
Scores*

Benign (55.2%; 889/1610) 889 (100%) 6.7 (0.6–15) 3.8 (0–9.7) 2.4 (0–5.6) 1.4 (0.0–4.7) 10.5 (0.6–23)
 Fibroadenoma 477 (53.7%) 6.2 (1.0–12.7) 3.3 (0.1–8.8) 2.0 (0.1–4.8) 1.3 (0.4.4) 9.5 (1.1–20.4)

 Papilloma 45 (5.1%) 7.7 (3.3–14.3) 4.3 (1.6–8.1) 2.8 (0.7–5.1) 1.5 (0.4–3.4) 12.0 (5.1–21.3)

 Nonproliferative FCC 144 (16.2%) 6.9 (1.3–15.0) 4.1 (0.2–9.3) 2.6 (0.2–5.6) 1.5 (0–4.3) 11.1 (1.5–22.7)

 Proliferative FCC 93 (10.5%) 6.9 (2.1–14.6) 4.5 (0.9–9.7) 2.8 (0.4–5.0) 1.7 (0.2–4.7) 11.4 (3.0–21.4

 Fat necrosis 31 (3.5%) 8.5 (1.7–14.4) 5.5 (0.8–9.3) 3.5 (0.7–5.4) 2.0 (0.1–4.1) 14.0 (4.0–23.0)

 Other benign† 99 (11.1%) 7.1 (0.6–14.4) 4.4 (0–9.7) 2.7 (0–5.6) 1.65 (0–4.7) 11.5 (0.6 (21.6)

Malignant (42.1%; 678/1610) 678 (100%) 8.8 (0.1–14.7) 7.4 (0–11) 4.2 (0–6) 3.2 (0–5) 16.2 (0.1–24.4)

 DCIS 23 (3.4%) 8.9 (2.1–12.7) 6.0 (1.9–10.1) 3.8 (1.3–5.3) 2.2 (0.1–4.6) 15.0 (4.6–20.3)

 Invasive ductal 552 (81.4%) 8.8 (0.1–14.7) 7.5 (0–11) 4.2 (0–6) 3.3 (0–5) 16.3 (0.1–24.4)

  Grade 1 132 (19.4%) 8.3 (2.0–13.7) 7.7 (1.9–11) 4.3 (1.0–6.0) 3.4 (0.6 (5.0) 16.0 (4.3–24.4)

  Grade 2 231 (34.1%) 8.9 (1.4–14.7) 7.7 (1.9–11) 4.3 (0.4–5.9) 3.4 (0.1–5.0) 16.6 (2.4–23.4)

  Grade 3 183 (27.0%) 9.1 (0.1–13.4) 7.1 (0–10.3) 4.1 (0–5.6) 3.1 (0–5.0) 16.3 (0.1–22.3)

  Grade not recorded 6 (0.9%) 9.2 (5.0–12) 7.0 (3.7–9.4) 3.9 (2.3–5.4) 3.1 (1.4–4.3) 16.2 (10.1–20.4)

 Invasive lobular 70 (10.3%) 8.1 (0.3–12.7) 7.2 (0–10.4) 4.0 (0–5.4) 3.2 (0–5) 15.3 (0.3–22.4)

  Grade 1 18 (2.7%) 7.8 (0.3–12) 6.6 (0–10) 3.6 (0–5.1) 3.0 (0–4.9) 14.4 (0.3–21.3)

  Grade 2 48 (7.1%) 8.2 (1.7–12.7) 7.4 (1.7–10.3) 4.1 (1.0–5.4) 3.3 (0.3–5.0) 15.7 (3.4–22.4)

  Grade 3 3 (0.4%) 8.2 (6.1–9.9) 6.8 (4.2–8.9) 3.8 (2.9–4.9) 3.0 (1.3–4.0) 15.0 (10.3–18.7)

  Grade not recorded 1 (0.1%) 7.1 (7.1–7.1) 8.9 (8.9–8.9) 5.1 (5.1–5.1) 3.7 (3.7–3.7) 16 (16–16)

 Invasive variant 20 (2.9%) 9.9 (5.6–12.9) 6.5 (3.3–9.7) 3.9 (2.0–5.3) 2.6 (1.1–4.6) 16.4 (9.4–21.6)

 Other malignant‡ 13 (1.9%) 9.1 (5.6–12) 7.5 (2.4–10) 4.3 (1.6–5.4) 3.2 (0.9–4.7) 16.5 (8.9–21.1)

High risk (2.7%; 43/1610)§ 43 (100%) 7.1 (0–15) 5.1 (0–11) 3.0 (0–6) 2.1 (0–5) 12.2 (0–26)

Note.—DCIS = ductal carcinoma in situ, FCC = fibrocystic changes.

* Data are means and numbers in parentheses are the range.
† Other benign includes (n, % of benign): abnormal breast tissue (2, 0.2), chronic abscess (2, 0.2), exuberant scar (10, 1.1), focal mastitis/inflamed cyst (11, 1.2), hematoma (1, 0.1), inflammation (12, 
1.3), intramammary lymph node (7, 0.8).
‡ Other malignant includes (n, % of malignant): lymphoma (2, 0.1) and special type tumors (11, 0.7).
§ High risk includes (n, % of high risk): atypical ductal hyperplasia (12, 27.9), atypical lobular hyperplasia (1,2.3), atypical papilloma (8, 18.6), flat epithelial atypia (3, 7.0), lobular carcinoma in situ (4, 
9.3), phyllodes tumor (3, 7.0), radial scar (11, 25.6), and other (1, 2.3).

potential enrollment, were not re-
quired to follow any specific scanning 
or interpretation protocol, making 
comparison with these studies of 
limited value.

Diagnostic sensitivity for biop-
sied malignant masses was 96.0% 
(4553/4745, 99% CI: 94.5%, 97.0%) 
for OA/US and 98.6% (4680/4746, 
99% CI: 97.8%, 99.1%) for the inter-
nal grayscale US of the study device 
(P < .0001). The sensitivity difference 
between OA/US and the internal gray-
scale US of the device is 22.6 (99% CI: 
23.7%, 21.6%) (Table 5). By virtue 
of the study design, the sensitivity of 
conventional diagnostic US was nearly 

100%, with a calculated value of 99.8% 
(99% CI: 98.1%, 100%). Subgroup 
analyses by breast density, palpability, 
and distance from the nipple showed 
no significant differences in OA/US 
specificity. OA/US specificity was 11% 
higher for African-American subjects 
than Caucasian subjects. There was no 
evidence of a difference in sensitivity 
by race. OA/US specificity was 8.4% 
higher for the age group younger than 
50 years than in subjects aged 60 to 
<70 years. There was no evidence of a 
difference in sensitivity by age group. 
Differences were also observed in sen-
sitivity and specificity based on mass 
size and depth (Table 6).
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Downgrading and Upgrading BI-RADS 
Assessments of Benign Masses
OA/US resulted in downgrading 
48.6% of benign mass reads classified 
as BI-RADS 3 with internal grayscale 
US to BI-RADS 2 (1023/2107). OA/
US also resulted in upgrading 21.3% 
of benign mass reads classified as BI-
RADS 3 with internal grayscale US 
to BI-RADS 4A or higher (448/2107). 
Among benign mass reads classified 

as BI-RADS 4A or higher, OA/US re-
sulted in downgrading 29.1% to BI-
RADS 3 or 2 (1578/5418) (Fig 4, Fig 
E2 [online]).

In total, OA/US resulted in down-
grading 34.5% (2601/7535) of benign 
mass reads (from BI-RADS 4A or 
higher to BI-RADS 3 or 2, or from BI-
RADS 3 to BI-RADS 2) and upgrading 
6.0% (453/7535) of benign mass reads 
from BI-RADS 2 to BI-RADS 3 or from 

BI-RADS 2 or 3 to BI-RADS 4A or high-
er. The number of correct downgrades 
(n = 2601) was significantly higher than 
the number of incorrect upgrades (n = 
453) among benign masses with OA/US 
(P < .0001).

Upgrading and Downgrading BI-RADS in 
Malignant Masses
OA/US resulted in upgrading 47.0% 
(31/66) of malignant mass reads 

Table 4

Benign Mass Reads: OA/US BI-RADS Downgrades and Upgrades

BI-RADS Category: OA/US BI-RADS Category: Internal Grayscale US OA/US Totals

2 (n = 10) 3 (n = 2107) 4A (n = 3310) 4B (n = 1607) 4C (n = 448) 5 (n = 53)

2 (n = 1359) 5 (50.0) 1023 (48.6) 328 (9.9) 3 (0.2) 0 0 1359 (18.0)
3 (n = 1883) 0 636 (30.2) 1105 (33.4) 138 (8.6) 4 (0.9) 0 1883 (25.0)

4a (n = 1665) 1 (10.0) 197 (9.3) 1095 (33.1) 345 (21.5) 27 (6.0) 0 1665 (22.1)

4b (n = 1514) 3 (30.0) 184 (8.7) 570 (17.2) 673 (41.9) 82 (18.3) 2 (3.8) 1514 (20.1)

4c (n = 1025) 1 (10.0) 64 (3.0) 209 (6.3) 435 (27.1) 295 (65.8) 21 (39.6) 1025 (13.6)

5 (n = 89) 0 3 (0.1) 3 (0.1) 13 (0.8) 40 (8.9) 30 (56.6) 89 (1.2)

Internal grayscale US totals 10 (0.1) 2107 (28.0) 3310 (43.9) 1607 (21.3) 448 (5.9) 53 (0.7) n = 7535

Downgrades (P < .0001) N/A 1023 (48.6) 1433 (43.3) 486 (30.2) 113 (25.2) 23 (43.4) 3078 (40.8) 99% CI (39.4, 
42.3)

Upgrades 5 (50.0) 448 (21.3) 782 (23.6) 448 (27.9) 40 (8.9) N/A 1723 (22.9) 99% CI (21.6, 
24.1)

Note.—Benign mass reads (total, n = 7535) indicates biopsied benign and truth panel benign masses. Only records with BI-RADS assessments for both modalities are included. Data in parentheses 
are percentages. Internal grayscale US = grayscale US of the OA/US device. N/A = not applicable.

Table 5

Malignant Mass Reads: OA/US BI-RADS Downgrades and Upgrades

BI-RADS Category: OA/US BI-RADS Category: Internal Grayscale US OA/US Totals

2 (n = 0) 3 (n = 66) 4A (n = 511) 4B (n = 1489) 4C (n = 1976) 5 (n = 703)

2 (n = 37) 0 18 (27.3) 17 (3.3) 2 (0.1) 0 0 37 (0.78)
3 (n = 155) 0 17 (25.8) 97 (19.0) 38 (2.6) 3 (0.2) 0 155 (3.3)

4a (n = 395) 0 11 (16.7) 193 (37.8) 165 (11.1) 26 (1.3) 0 395 (8.3)

4b (n = 842) 0 11 (16.7) 146 (28.6) 518 (34.8) 148 (7.5) 19 (2.7) 842 (17.7)

4c (n = 2391) 0 9 (13.6) 57 (11.2) 728 (48.9) 1347 (68.2) 250 (35.6) 2391 (50.4)

5 (n = 925) 0 0 1 (0.2) 38 (2.6) 452 (22.9) 434 (61.7) 925 (19.5)

Internal grayscale US totals 0 66 (1.4) 511 (10.8) 1489 (31.4) 1976 (41.6) 703 (14.8) 4745 (100)

Downgrades N/A 18 (27.3) 114 (22.3) 205 (13.8) 177 (9.0) 269 (38.3) 783/4745 (16.5)
99% CI (15.1, 17.9)

Upgrades (P < .0001) 0 31 (47.0) 204 (39.9) 766 (51.4) 452 (22.9) N/A 1453/4745 (30.6)
99% CI (28.9, 32.4)

Note.—Malignant mass reads (total, n = 4745) indicates biopsied malignant masses. Only records with BI-RADS assessments for both modalities are included. Data in parentheses are percentages. 
Internal grayscale US = grayscale US of the OA/US device. N/A = not applicable.
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classified as BI-RADS 3 with internal 
grayscale US to BI-RADS 4A or higher. 
OA/US also resulted in downgrading 
27.3% (18/66) of malignant mass reads 
classified as BI-RADS 3 by internal gray-
scale US to BI-RADS 2. Among malig-
nant mass reads classified as BI-RADS 
4A, 4B, or 4C, OA/US resulted in up-
grading 35.6% (1415/3976) to a higher 
BI-RADS category, including upgrading 
12.3% (491/3976) from BI-RADS 4 to 
BI-RADS 5 (Fig 5, Fig E3 [online]).

In total, OA/US resulted in up-
grading 30.6% (1453/4745) of malig-
nant mass reads (from BI-RADS 3 to 
BI-RADS 4A or higher, or from BI-
RADS 4A, 4B, or 4C to a higher BI-
RADS category) and downgrading 
16.5% (783/4745) of malignant mass 
reads (from BI-RADS 4A or higher to 
a lower BI-RADS category or from BI-
RADS 3 to BI-RADS 2). The number 
of correct upgrades (n = 1453) was 
significantly higher than the number 
of incorrect downgrades (n = 783) 
among malignant masses with OA/US  
(P < .0001) (Table 5, Fig 6).

Feature Analysis
Combining all independent readers, the 
mean OA/US scores assigned to benign 
masses are significantly lower (P < .0001) 
than those assigned to malignant mass-
es, for each individual OA/US feature 
(Table 2) as well as for summed inter-
nal, summed external, and all summed 
OA features (Appendix E6 [online]).

The probability of malignancy in-
creases with higher internal, external, 
and total OA scores, represented as 
grouped sums of the mean scores. Ex-
ternal features show the strongest cor-
relation with malignancy, with a steeper 
slope of positive predictive value versus 
score (Appendix E5 [online]). Table 3 
details the OA/US feature scores of the 
biopsied benign and truth panel benign 
masses as well as biopsied malignant 
masses by histopathologic findings.

Results of All Mass Reads by Seven 
Readers in Reader Study
A total of 12 283 OA/US reads and 
12 289 internal grayscale reads were 
compared with diagnostic outcomes of 

biopsied malignant and biopsied be-
nign plus truth panel benign masses.

The positive likelihood ratio for OA/
US is 1.68 compared with 1.37 for the 
internal grayscale US, and the negative 
likelihood ratio is 0.094 for OA/US ver-
sus 0.049 for the internal grayscale US. 
CIs for OA/US and the internal grayscale 
US did not overlap for either positive 
or negative likelihood ratios (Table 7,  
Appendix E5 [online]). Additional reader 
detail is given in Appendix E1 [online].

BI-RADS and POM Scores Interreader and 
Intrareader Agreement
Interreader and intrareader variability 
for OA/US BI-RADS scores demon-
strated good reliability (mean k = 0.55; 
P < .001). OA/US sensitivity and spec-
ificity at the original reading remained 
unchanged at rereading with nonsignifi-
cant P values among readers for benign 
or malignant mass reads. There was no 
evidence that the reread variability was 
different across readers (x2 = 0.1783). 
Further detail is provided in Appendix 
E1 (online).

Table 6

Subgroup Analysis

Subgroup Specificity Sensitivity

Overall P Value Least Square Means Overall Outcome P Value Significant (P < .01) Pairwise Differences By LS Mean

Age group .0176 16.4% OA for age < 50 versus age  
60–70 (P = .0026)

.3118 None

Race .0001 11% African American advantage  
compared with Caucasian (P < .0001)

.6518 None

Breast density .1558 None .3087 None

Mass size .1539 None .0001 26.0% at < 1 cm versus 22.4% at 1 to <2 cm,  
P = .0045; 26.0% at < 1 cm versus 20.5% at 
2+ cm, P < .0001; 22.4% at < 1 to 2 cm versus 
20.5% 2+ cm, P = .0044

Palpability .8503 None .0549 None

Distance from nipple .1844 None .4361 None

Depth (anterior) .0608 27.2% OA advantage at 2+ cm > 14.4% at 
< 1 cm (P = .0054).

.5403 None

Depth (middle) .0353 None .0268 25.5% at < 1 cm versus 21.5 cm at 1 to <2 cm,  
P = .0069

Depth (posterior) .0016 28.6% OA advantage at < 1 cm is 
significantly greater than 13.3% OA 
advantage at 2 to <3 cm (P = .0006); 
28.6% OA advantage at < 1 cm is 
significantly greater than 11.3% OA 
advantage at 3+ cm (P = .0002).

.0022 217.6% at < 1 cm versus 21.0% at 2 to <3 cm,  
P = .0008; 217.6% at < 1 cm versus 21.6% at 
3+ cm, P = .0014; 24.6% at 1 to <2 cm versus 
21.0% at 2 to <3+ cm, P = .0032;
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Adverse Events
Of all subjects in the safety population, 
0.5% (10/1972) reported 11 adverse 
events potentially related to the OA/US 
procedure. All procedure-related events 
were considered mild and 10 of them 
resolved immediately after completion of 
the procedure. These included seven par-
esthesias and one case each of erythema, 
warmth, and tenderness. One case that 

did not resolve immediately was diag-
nosed as dermatitis of indeterminate ori-
gin and resolved within a few days.

Discussion

In our study, OA/US had an absolute 
specificity advantage of 14.9% over in-
ternal grayscale US (P < .0001). The 
sensitivity of OA/US was non-inferior 

to internal grayscale US: 96.0% ver-
sus 98.6% (P < .0001). The overall 
improved accuracy enabled readers to 
downgrade a net of 28.5% of benign 
mass reads from BI-RADS 4B or BI-
RADS 4A to BI-RADS 3, BI-RADS 4A 
to BI-RADS 2, and BI-RADS 3 to BI-
RADS 2. Downgrading benign masses 
from BI-RADS 4B and BI-RADS 4A 
to BI-RADS 3 could decrease benign 

Figure 4

Figure 4: Images in a 25-year-old woman with strong family history of breast cancer referred for targeted US of an abnormal finding 
at screening MR imaging. A, Internal grayscale US image demonstrates an oval parallel hypoechoic mass with indistinct and angular 
margins assessed as a BI-RADS 4A by five of seven readers with recommendation for biopsy. B, OA /US combined map shows a com-
plete absence of both internal and external OA features, resulting in a low OA score and a downgrade to BI-RADS 3 by four of the five 
readers. Biopsy revealed benign fibrocystic changes.

Figure 5

Figure 5: Images in a 71-year-old woman recalled for circumscribed mass at screening mammography. A, Internal grayscale US 
image shows an oval circumscribed parallel mass assessed as BI-RADS 3 by three of seven independent readers. B, OA /US combined 
map reveals abundant intensely deoxygenated hemoglobin within the tumor interior, deoxygenated blush within the echogenic rim that 
represents the tumor boundary zone (arrowheads) and radiating peripheral artery (green) and vein (red) (arrows). Based on OA features, 
independent readers upgraded their BI-RADS 3 assessment of this mass to BI-RADS 4A or BI-RADS 4B. Biopsy revealed triple-negative 
invasive ductal carcinoma. See also the Movie (online).
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biopsies, and downgrading benign 
masses from BI-RADS 3 to BI-RADS 
2 could reduce follow-up examina-
tions. Since patients in the BI-RADS 
3 category who are uncomfortable 
with short-term follow-up sometimes 
request biopsy, downgrading from BI-
RADS 3 to BI-RADS 2 may avoid ad-
ditional benign biopsies as well. Using 
OA/US, readers also upgraded a net of 
19.7% of malignant mass reads from 
BI-RADS 3 to BI-RADS 4A, 4B, or 4C, 

which could increase diagnostic confi-
dence to recommend biopsy.

The diagnostic performance of OA/
US in this study compares favorably 
with other functional breast imaging 
modalities and techniques (4,20,21). 
Just as contrast-enhanced MR imaging, 
PET, scintimammography, color and 
power Doppler, and strain and shear-
wave elastography have demonstrated 
a potential role in the evaluation of 
breast masses, OA/US may offer a 

new approach to differentiate between 
benign and malignant masses. In this 
study, OA/US achieved a low negative 
likelihood ratio, a measure of effective-
ness that indicates a low probability 
that a malignant mass would be as-
sessed as negative with OA/US (Table 
7). Negative likelihood ratio is a help-
ful parameter in breast imaging, where 
any loss in sensitivity is undesirable. 
When high sensitivities above 95% 
are desired, negative likelihood ratio is 

Figure 6

Figure 6: Images in a 68 year-old woman recalled from screening mammography for evaluation of a mass with indistinct margins. A, Internal 
grayscale US image shows an oval, parallel, hypoechoic mass with indistinct margins and posterior enhancement. B, OA /US combined map 
shows sparse internal small deoxygenated vessels and a single peripheral zone radiating vessel on the right (arrow). C, OA /US relative map 
shows multiple polymorphic internal deoxygenated vessels but also shows multiple deoxygenated boundary zone vessels on the left (arrow-
heads) and multiple deoxygenated radiating peripheral zone vessels on the right (arrows), one of which was visible on the OA /US combined 
map. One reader downgraded the mass to BI-RADS 3 and rendered a false-negative OA /US interpretation; six other readers gave true-positive 
OA /US reads. Additionally, in this case there is artifact due to inappropriate depth of field setting, resulting in overcolorization of lungs and chest 
wall, which can lead to undercolorization of the mass. Biopsy revealed invasive ductal carcinoma grade 3.

Table 7

Negative Likelihood Ratio

Modality No. of Studies Analyzed  
(No. of Subjects Or Reads)

Summary 
Specificity

Summary  
Sensitivity

Summary Negative 
Likelihood Ratio

Maximum Pretest Probability That Can Be 
Reduced To  2% Posttest Probability

OA/US 1 (n = 12,283 reads) 43.0% 96.0% 0.094 17.8%
MR imaging (4) 41 77.5% 91.7% 0.107 16.0%

PET (4) 7 74.0% 83.0% 0.230 8.1%

Scintimammography (4) 10 77.0% 84.7% 0.199 9.3%

Grayscale US (CDU) (4) 21 75.8% 92.4% 0.100 16.9%

Color Doppler (4) 6 76.4% 88.5% 0.151 11.9%

Power Doppler (4) 7 72.6% 70.8% 0.402 4.8%

ES–color scale (20) 22 (n = 4713) 84.2% 83.4% 0.197 9.4%

ES–strain ratio (20) 22 (n = 4713) 81.4% 88.3% 0.144 12.4%

SWE–ARFI (21) 12 (n = 1552) 87.5% 86.2% 0.158 11.4%

SWE–supersonics (21) 21 (n = 4436) 86.3% 89.7% 0.119 14.6%

Contrast-enhanced US (22) 16 (n = 927) 79.0% 86.0% 0.177 10.3%

Note.—ARFI = acoustic radiation force impulse, PET = positron emission tomography, CDU = conventional diagnostic US, ES = elastography, SWE = shear-wave elastography.
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affected 10 times more by loss in sen-
sitivity than it is by gain in specificity. 
The lower absolute specificity of OA/US 
compared with other modalities is likely 
related to differences in the prevalence 
of malignancy and, therefore, the pre-
test probability of a positive result in 
different study populations. For exam-
ple, the published specificity of 78.5% 
in the study of shear-wave elastography 
by Berg et al was so high because of a 
patient population with very low cancer 
prevalence (22). Of 939 masses, 514 
(54.7%) were classified as BI-RADS 2 
or 3. Additionally, 85 (9.2%) masses 
were cysts. By contrast, the pretest 
probability of malignancy in our study 
was much higher. Cysts and BI-RADS 
2 masses were excluded per proto-
col inclusion criteria. Of 1757 mass-
es in the study population, only 284 
(16.2%) were classified as BI-RADS 3 
by site investigators. Specificity, which 
is dependent on cancer prevalence, 
is inevitably higher when the pretest 
probability of disease within a study 
population is low. The study by Berg 
et al reported higher specificities for 
both US and shear-wave elastography 
(22), but, with conservative interpre-
tation strategy, had less improvement 
in the specificity of US by elastography 
than was achieved with OA/US. In our 
study, the specificity of OA/US was sig-
nificantly higher than that of grayscale 
US (P < .0001). Finally, loss in sensi-
tivity must be counterbalanced against 
gain in specificity. The meta-analyses of 
strain elastography by Gong et al (20) 
and of shear-wave elastography by Liu 
et al (21) show much larger losses in 
sensitivity compared with the 2.6% dif-
ference in sensitivity between internal 
grayscale US and OA/US in this study.

This study has a number of limita-
tions. This study used the first genera-
tion of the study device, image capture, 
and training. The results of this study, 
therefore, reflect the initial operator 
experience with this technology and 
study device. Unlike the clinical en-
vironment, the independent readers 
were blinded to clinical information 
as well as to mammographic and US 
images obtained during the diagnostic 
work-up prior to enrollment that may 

have aided in OA/US interpretation. 
OA/US was compared with the internal 
grayscale US of the study device rather 
than to conventional diagnostic US used 
in clinical practice. A controlled study 
of clinical diagnostic US imaging with 
and without supplemental OA/US may 
provide a comparison that more closely 
resembles clinical practice. Comparison 
of OA/US to color Doppler features of 
benign and malignant masses may have 
contributed useful information to this 
study. Additionally, while OA feature 
scores were nominally defined as objec-
tive observations, conversion of the OA 
score to a POM and BI-RADS category 
was left to the judgment of each inde-
pendent reader. OA/US also resulted 
in some false-negative reads. While 
significantly more malignant masses 
were correctly upgraded rather than 
incorrectly downgraded by using OA/
US, the contributing causes of false-
negative reads requires evaluation. BI-
RADS 3 masses that remained stable at 
12-month follow-up and met BI-RADS 3 
criteria upon review by the independent 
radiologists on the truth panel were an-
alyzed together with biopsy-proven be-
nign masses. While 12-month follow-up 
satisfied the regulatory requirements of 
the trial, this is a limitation given that 
the standard of care follow-up for BI-
RADS 3 lesions is 2 years, rather than 
12 months. Additional study limitations 
are clarified in Appendix E1 [online].

In conclusion, the diagnostic per-
formance of OA/US compared with 
the internal grayscale US of this study 
device supports its potential for achiev-
ing higher specificity in the assessment 
of benign and malignant breast mass-
es. OA/US may increase specificity in 
breast mass assessment, potentially 
reducing the number of false-positive 
examinations and biopsies of benign 
masses. Further study of OA/US fea-
ture analysis and refinement of inter-
pretative strategies is warranted to de-
fine its role in clinical practice.
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