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Abstract—Breast ultrasound is often used as a diagnostic tool
to diagnose breast cancer, however the high false positive rate
limits its use in screening. Coherence-based beamforming has
been shown improve the distinction between solid and fluid
breast masses, therefore the objective of this work is to both
qualitatively and quantitatively investigate the clinical impact
of coherence-based beamforming. Five board-certified breast
radiologists were asked to read ultrasound images of twenty-
six masses and select the content (i.e., solid, fluid, mixed, or
uncertain) and the clinical diagnosis (i.e., BI-RADS 2, 3, 4 or 5).
The responses were compared with and without the inclusion of
coherence-based beamforming to qualitatively assess the impact
of coherence-based beamforming. In addition, coherence-based
metrics including lag-one coherence (LOC) and coherence length
(CL) were used to quantitatively distinguish solid from fluid-
filled masses. When including coherence-based beamforming, the
mean reader sensitivity for detection of fluid-filled masses was
improved from 57% with B-mode alone to 86% with the addition
of coherence-based images. Using LOC as a quantitative metric,
with an optimal threshold of 0.3, the sensitivity for detection
of fluid-filled masses was further improved to 100% with a
specificity of 94%. These results are promising for the inclusion of
coherence-based features in the breast clinic in order to improve
diagnostic certainty, particularly when distinguishing between
solid and fluid-filled breast masses.

I. INTRODUCTION

Ultrasound imaging is often used for the diagnosis of
breast cancer because it is painless, radiation-free, and highly
portable, however the high false positive rate of breast ultra-
sound limits its use as a screening tool. Specifically, standard
brightness-mode (B-mode) images display amplitude informa-
tion, which is highly susceptible to the presence of acoustic
clutter. Acoustic clutter can arise from multipath acoustic
interactions between layers of tissue [1], which confounds
masses of interest, and can result in these fluid-filled masses
being unnecessarily recommended for biopsy or follow-up
procedures.

One method to remove acoustic clutter is through advanced
beamforming techniques such as minimum variance [2], multi-
covariate imaging of sub-resolution targets (MIST) [3], and
short-lag spatial coherence (SLSC) [4]. Our previous work
demonstrated that SLSC beamforming and a more recent
improvement named Robust SLSC (R-SLSC) beamforming
[5] successfully removed acoustic clutter and improved the
distinction between solid and fluid breast masses [6]. We
additionally investigated the clinical impact of these results
in a task-based user study with five board-certified radiolo-

gist readers, demonstrating that coherence-based beamforming
provides added value in the diagnostic pipeline [7]. The work
presented in this paper builds on our previous reader study
and analyzes the coherence-based features of each breast mass
relative to reader performance, with an overall objective to
provide both a qualitative and quantitative investigation of the
potential clinical impact of coherence-based beamforming.

II. METHODS

A. Data Acquisition

Twenty-five patients with twenty-six breast masses sched-
uled for biopsy were enrolled in our ongoing study after
informed consent and approval from the Johns Hopkins Institu-
tional Review Board. Patients were scanned using an Alpinion
ECUBE12R research ultrasound scanner connected to either
an Alpinion L8-17 or an Alpinion L3-8 linear ultrasound
transducer. Raw radiofrequency data were saved and processed
offline to generate matched B-mode and coherence-based im-
ages for each mass. In addition, matched clinical screenshots
of each mass were saved for comparison. Coherence-based
images were created using R-SLSC beamforming [5], which
directly displays the denoised spatial coherence of backscat-
tered ultrasound pressure waves.

B. Reader Study

Matched images (i.e., clinical screenshot, delay-and-sum
beamformed B-mode image, and corresponding R-SLSC im-
age created from the same channel data) of the same mass
were presented to five board-certified breast radiologists using
the graphical user interface described in [7]. Each radiologist
was asked to use only the B-mode image and accompanying
clinical screenshot to perform two consecutive tasks: (1)
classify the content of the mass (i.e., solid, fluid, mixed, or
uncertain) and (2) provide a clinical diagnosis (i.e., BI-RADS
2, 3, 4 or 5) [8]. Following classification with only B-mode,
the radiologists were presented with the R-SLSC image and
asked to perform the same two tasks. Readers had full control
over tunable image parameters.

C. Quantitative Metrics

The reader responses were recorded and compared to the
ground truth established based on core-needle biopsy. Each
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mass was further analyzed to investigate potential coherence-
based metrics to assist in differentiating solid and fluid-
filled masses by measuring lag-one coherence (LOC) [9] and
coherence length (CL). Both metrics were obtained by starting
with the following equation for a single coherence function:

R̂[m] =
1

N −m

N−m∑
i=1

∑n2

n=n1
si[n]si+m[n]√∑n2

n=n1
s2i [n]

∑n2

n=n1
s2i+m[n]

(1)

where N is the number of elements in the transducer, m is
the number of elements between two points in the aperture,
or lag, si[n] is a time-delayed, zero-mean signal received at
element i from depth n. To calculate LOC, Eq. 1 was evaluated
at m = 1. CL was measured as the first zero-crossing of
the coherence function, R̂[m]. The mean LOC and CL were
each measured from delayed signals within a region of interest
(ROI) taken from the center of each breast mass, resulting in
the LOC and CL measurements referenced and presented in
the following sections.

To compare reader responses and evaluate the ability of
CL and LOC to distinguish solid from fluid-filled masses, the
sensitivity and specificity of correctly diagnosing cysts were
measured as follows:

Sensitivity =
TP

TP + FN
(2)

Specificity =
TN

TN + FP
(3)

where a true positive (TP) was defined as a cyst that was
not recommended for biopsy (i.e., BI-RADS 2 or 3), a false
negative (FN) was defined as a cyst that was recommended
for biopsy (i.e., BI-RADS 4 or 5), a true negative (TN) was
defined as a solid mass that was recommended for biopsy
(i.e., BI-RADS 4 or 5), and a false positive (FP) was defined
a solid mass that was not recommended for biopsy in Task
2 (i.e., BI-RADS 2 or 3). In addition, LOC and CL were
parameterized and a threshold was set in order to measure
sensitivity and specificity of fluid-filled mass detection. With
these measurements, a receiver operating characteristic (ROC)
curve was used to compare both metrics and an optimal
threshold was determined by measuring the distance to the
ideal operating point of (0,1). The masses with a ground
truth classified as mixed were omitted from this analysis,
considering that they contain a mixture of TP and TN.

III. RESULTS

Fig. 1(a) shows the results of the task-based reader study
for simple and complicated cysts (i.e., fluid-filled masses).
For simple cysts, shown in the first column, the uncertainty
was reduced from 60% with B-mode alone (first row) to
7% with the R-SLSC images included (second row). For

Fig. 1. Pie charts summarizing the results of the task-based reader study for (a) fluid-filled masses and (b) solid masses.
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the complicated cysts, shown in the second column, the
uncertainty was reduced from 35% with B-mode alone (first
row) to 25% with R-SLSC included (second row). In addition,
with B-mode alone there were 10% misclassification as solid
which were removed with R-SLSC included. Overall, with the
inclusion of coherence-based images in decision making, the
uncertainty of all fluid-filled mass contents (third columnn of
Fig. 1(a)) was reduced from 48% with B-mode only (first row)
to 16% (second row) [7]. In addition, the number of simple and
complicated cysts recommended for biopsy (indicated by BI-
RADS 4 in the presented retrospective BI-RADS classification
study) was 47% and 40%, respectively (third row of Fig. 1(a)).
With the inclusion of R-SLSC in decision making, these
percentages of fluid-filled masses recommended for biopsy
were reduced to 7% and 20% for simple and complicated cysts,
respectively (fourth row). Overall, the number of fluid-filled
masses recommended for biopsy was reduced from 43% with
B-mode only (third row) to 13% (fourth row) [7]. Based on
these results, the mean ± standard deviation of the sensitivity
and specificity for detecting fluid masses across all readers
were 86±14% and 95±5%, respectively, as reported in Table
I. Additional results describing the readers’ performance on
all mass types, as well as results broken down by reader are
available in [7].

Fig. 1(b) shows the results of the task-based reader study
for the benign and malignant solid masses. With B-mode only
there is 2% misclassification as fluid for the benign solid
masses (first row) that is removed when R-SLSC is included
(second row). In addition, the uncertainty is reduced for benign
solid masses from 36% with B-mode alone (first row) to
16% with R-SLSC included (second row). The uncertainty
for malignant solid masses is increased from 3% with B-
mode alone (first row) to 9% with the inclusion of R-SLSC
(second row) due to one reader being an outlier. However,
the overall uncertainty of all solid mass contents was reduced
from 19% (first row) to 12% (second row) with the inclusion
of coherence-based images. The BI-RADS classification of
solid masses remained similar when comparing retrospective
decisions based on B-mode alone (third row) to decisions
made with the inclusion of R-SLSC (fourth row). This result is
expected because R-SLSC was introduced to distinguish fluid-
filled from solid masses and not benign from malignant. There-
fore, B-mode alone seems sufficient to recommend biopsy or
follow-up for solid masses. Additional results describing the
readers’ performance on all mass types, as well as results
broken down by reader are available in [7].

Fig. 2(a) shows the ROC curve for LOC and CL with the ×
and ◦ symbols representing the individual reader performance
when using B-mode only and B-mode+R-SLSC, respectively.
Fig. 2(b) shows the AUC for LOC and CL, which were
0.995 and 0.951, respectively. The optimal threshold value for
distinguishing fluid-filled and solid breast masses when using
LOC was 0.3. Therefore, LOC ≤ 0.3 indicated a fluid-filled
mass, while LOC>0.3 indicated a solid mass. The optimal
threshold value for distinguishing fluid-filled and solid breast
masses when using CL was 6. Therefore, CL≤6 indicated a

Fig. 2. (a) Receiver operating characteristic (ROC) curve for detection of
fluid-filled masses with the individual readers performance for comparison
and (b) the associated area under the ROC curve (AUC) for lag-one coherence
(LOC) and coherence length (CL).

fluid-filled mass, while CL>6 indicated a solid mass. Based
on these optimal thresholds for LOC and CL, LOC provided
the best quantitative separation between fluid-filled and solid
breast masses with 100% sensitivity and 94% specificity.
Using CL=6 as the discriminator resulted in 100% sensitivity
and 87% specificity.

Table I summarizes the sensitivity and specificity of: (1)
each individual reader, (2) the combination of all readers,
and (3) the quantitative coherence-based metrics (i.e., LOC
and CL). The reader task consisted of diagnostic decisions
using B-mode individually followed by using both B-mode
and R-SLSC, while the quantitative metrics did not require
any reader input. Overall, LOC and CL improved sensitivity
in the majority of cases, with the exception of two readers
who had equivalent sensitivity when using both B-mode and
R-SLSC imaging. LOC improved or maintained specificity for
4 readers using B-mode only and 3 readers using both B-
mode and SLSC. Therefore reader input remains useful to
identify true negatives (i.e., solid masses to recommend for
biopsy), while LOC can potentially be used as an automated
discriminator of true positives (i.e., fluid masses that do not
need to be biopsied).

TABLE I
SUMMARY OF SENSITIVITY AND SPECIFICITY FOR DETECTION OF

FLUID-FILLED MASSES BASED ON READERS RESPONSES AND OPTIMAL
OPERATING POINT OF LOC AND CL.

Sensitivity (%) Specificity (%)
B-mode Reader

1 14 100
2 71 88
3 43 88
4 86 81
5 71 94

All 57 ± 29 90 ± 7

B-mode + R-SLSC Reader
1 71 100
2 100 88
3 86 94
4 100 100
5 71 94

All 86 ± 14 95 ± 5

LOC=0.3 100 94
CL=6 100 87
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IV. DISCUSSION

The work presented in this paper investigates the clinical
impact of coherence-based beamforming using a retrospective
task-based reader study and a quantitative analysis based on
two coherence-based metrics. Results demonstrate the added
benefit of coherence-based images and metrics, particularly
in distinguishing solid from fluid-filled breast masses. In
particular, the uncertainty of diagnosing both solid and fluid-
filled masses was reduced with the addition of R-SLSC
when compared to B-mode alone (see Fig. 1). The increased
confidence offered by these coherence-based techniques when
a mass is fluid-filled can potentially lead to confident dismissal
as a benign mass, rather than a mass requiring follow up or
biopsy, helping to reduce patient anxiety and save healthcare
system resources.

In addition to its qualitative diagnostic impact, coherence-
based metrics such as LOC and CL demonstrated suc-
cess in quantitatively distinguishing solid from fluid breast
masses. These trends can be explained using observations from
coherence-based breast ultrasound imaging results [6], [10].
We expect clutter to be removed and spatial coherence to
be minimal in fluid-filled masses, and otherwise expect solid
masses to appear coherent, resulting in increased coherence
within solid masses. LOC and CL are two different metrics to
assess the same coherence functions used to make coherence-
based images, and are therefore consistent with qualitative ob-
servations from and expectations of coherence-based images.

Previous work using contrast differences to distinguish
solid and fluid-filled masses demonstrated distinct separability
between these two classes [7]. However, measuring contrast
in both B-mode and coherence-based images requires the
selection of both inside and outside ROIs, which introduces
dependence on the outside tissue texture. Conversely, LOC
and CL only require one ROI selection within the mass,
which is more robust and less prone to selection errors than
requiring two distinct ROIs. Therefore, LOC and CL are
considered advantageous over the previously reported contrast
difference metric [7]. While a threshold of LOC=0.3 was
optimal for this study, larger sample sizes are likely required to
determine the optimal threshold across a wide variety of breast
masses. Despite the small sample size, these results, in tandem
with previous reports [6], [7], [10], demonstrate the value
of multiple variations of using coherence-based ultrasound
information to assist with distinguishing fluid-filled from solid
breast masses. The recently introduced CohereNet architecture
[11], [12] may also be used for additional automation and
reduction of the computational complexity associated with
producing spatial correlation information, adding one more
item to the list of beneficial applications of coherence-based
beamforming previously summarized in [13].

V. CONCLUSION

This paper summarizes the qualitative and quantitative im-
pact of using coherence information to distinguish fluid from
solid breast masses. When using qualitative information from
coherence-based images paired with standard B-mode images,

the mean sensitivity for detection of fluid-filled masses was
86%, compared to 57% with B-mode alone. In addition, when
including LOC as a quantitative coherence-based metric, the
sensitivity for detection of fluid-filled masses was improved
to 100%. These results are promising for the inclusion of
both qualitative and quantitative coherence-based information,
requiring both readers and the potential use of automation, in
the diagnostic pipeline to reduce the number of unnecessary
biopsies and ultimately improve diagnostic certainty in the
breast clinic.
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