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Abstract
While there is an increasing role of ultrasound for breast cancer screening in patients with dense breast,

conventional anatomical ultrasound lacks sensitivity and specificity for early breast cancer detection. In this study,
we assessed the potential of ultrasound molecular imaging using clinically translatable vascular endo-
thelial growth factor receptor type 2 (VEGFR2)-targeted microbubbles (MBVEGFR2) to improve the diagnostic
accuracy of ultrasound in earlier detection of breast cancer and ductal carcinoma in situ (DCIS) in a transgenic
mouse model [FVB/N-Tg(MMTV-PyMT)634Mul]. In vivo binding specificity studies (n ¼ 26 tumors) showed that
ultrasound imaging signal was significantly higher (P < 0.001) usingMBVEGFR2 than nontargetedmicrobubbles and
imaging signal significantly decreased (P < 0.001) by blocking antibodies. Ultrasound molecular imaging signal
significantly increased (P< 0.001)whenbreast tissue (n¼ 315 glands) progressed fromnormal [1.65� 0.17 arbitrary
units (a.u.)] to hyperplasia (4.21� 1.16), DCIS (15.95� 1.31), and invasive cancer (78.1� 6.31) and highly correlated
with ex vivo VEGFR2 expression [R2 ¼ 0.84; 95% confidence interval (CI), 0.72–0.91; P < 0.001]. At an imaging
signal threshold of 4.6 a.u., ultrasound molecular imaging differentiated benign from malignant entities with a
sensitivity of 84% (95% CI, 78–88) and specificity of 89% (95% CI, 81–94). In a prospective screening trail (n ¼ 63
glands), diagnostic performance of detecting DCIS and breast cancer was assessed and two independent readers
correctly diagnosedmalignant disease in more than 95% of cases and highly agreed between each other [intraclass
correlation coefficient (ICC) ¼ 0.98; 95% CI, 97–99]. These results suggest that VEGFR2-targeted ultrasound
molecular imaging allows highly accurate detection of DCIS and breast cancer in transgenic mice and may be a
promising approach for early breast cancer detection in women. Cancer Res; 73(6); 1689–98. �2012 AACR.

Introduction
Breast cancer is the most common cancer diagnosed in

women in the United States and the second leading cause of
death from cancer in women (1). The American Cancer Society
estimates 229,060 new diagnoses of breast cancer and 39,920
deaths from this cancer in 2012 in the United States (1). Earlier
detection can substantially reduce deaths from breast cancer.
Screening mammography, currently the most frequently con-
ducted imaging procedure for breast cancer screening, has
been shown to decreasemortality by 22% in women 50 years or
older and by 15% in women ages 40 to 49 years (2).

However, diagnostic accuracy of mammography in detect-
ing breast cancer is reduced in women with dense breasts.
More than 50% of women younger than 50 years have either
heterogeneously dense or very dense breast tissue, as do at
least one third ofwomen older than 50 years (3). Inwomenwith
dense breast tissue, mammographic sensitivity for cancer
detection can be as low as 30% to 48% (4, 5) with much higher
interval cancer rates (5, 6) and worse prognosis in subsequent
clinically detected cancers (7). Therefore, recent studies have
addressed the value of adding ultrasound imaging to screening
mammography (4, 8–12). A multicenter study of 2,637 women
at increased risk for breast cancer with dense breast tissue
showed that breast cancer was diagnosed on ultrasound alone
in 12 of 40 patients (30%; ref. 7). However, the positive pre-
dictive value (PPV) of ultrasound for cancer detection in that
studywas only 8.6%, resulting in a large number of unnecessary
callbacks and biopsies (7). In addition, the sensitivity of ultra-
sound conducted alone in detecting invasive breast cancer was
only 50% (7) and even lower (27%) in another prospective
multimodality screening study of 609 asymptomatic high-risk
women (13). These findings underscore that further improve-
ments in ultrasound are critically needed to increase its
accuracy in diagnosing malignant precursor or invasive breast
cancer lesions, should it be included as a complementary
imaging modality into breast cancer screening protocols.
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Ultrasound molecular imaging combines the advantages of
ultrasound with the capabilities of molecular imaging to
visualize molecular signatures with high sensitivity and spec-
ificity in vivo (14, 15). Microbubble contrast agents already in
clinical usewith ultrasound can be further chemicallymodified
to accumulate at vascular endothelial cells overexpressing
molecular markers associated with either precursor lesions
or invasive cancer (14, 16, 17). VEGF receptor type 2 (VEGFR2),
a transmembrane receptor tyrosine kinase, is a well-studied
molecular marker overexpressed on angiogenic vascular endo-
thelial cells of cancer (18, 19). Several studies have shown
increased angiogenesis and VEGFR2 overexpression in inva-
sive breast cancer in human breast cancer tissues (19–21).
Recent immunohistochemical studies suggest increased
angiogenesis even at the precursor ductal carcinoma in situ
(DCIS) stage (22). Ultrasound molecular imaging of VEGFR2
expression on angiogenic vessels in DCIS and invasive breast
cancermay therefore be a promising new approach for improv-
ing diagnostic accuracy of ultrasound in earlier detection of
precursor lesions and breast cancer.

In our study, we evaluated how ultrasound molecular imag-
ing can depict different histologic stages of breast cancer
development, including mammary hyperplasia, DCIS, and
invasive breast cancer, in the well-established FVB/N-Tg
(MMTV-PyMT)634Mul transgenic mouse model (23–25) by
using a new, clinical-grade VEGFR2-targeted contrast micro-
bubble. In a prospective screening trial of transgenic and
control mice, we show that DCIS and invasive breast cancer
can be detectedwith high diagnostic accuracy and reliability by
ultrasound molecular imaging.

Materials and Methods
Transgenic mouse model

All procedures involving the use of laboratory animals were
approved by the Institutional Administrative Panel on Labo-
ratory Animal Care at Stanford University (Stanford, CA). A
transgenic mouse model of breast cancer [FVB/N-Tg(MMTV-
PyMT)634Mul] was used for all experiments. In this model, the
mammary epithelium transforms into different histologic
stages of breast cancer development, similar to disease pro-
gression in humans, including mammary hyperplasia, DCIS,
and invasive carcinoma (24, 25).

Design of microbubbles
A novel clinical-grade VEGFR2-targeted microbubble con-

trast agent (MBVEGFR2) containing perfluorobutane and nitro-
gen (BR55; synthesized under GMP by Bracco Suisse SA) was
prepared as described previously (26, 27). Briefly, a hetero-
dimeric peptide (5.5-kDa) that binds to VEGFR2 with high
affinity (dissociation constant, KD ¼ 0.5 nmol/L) was conju-
gated with the amino group of DSPE-PEG2000-NH2 [1,2-dis-
tearoyl-sn-glycerol-3-phosphoethanolamine-N-[amino (poly-
ethylene glycol)-2000] to form VEGFR2-binding lipopeptides
(28, 29). This lipopeptide construct was purified and incorpo-
rated into the phospholipid-based shell of microbubble (mean
number of heterodimeric peptides per square micrometer on
the MB shell: 34,200 � 1,300; range, 31,800–36,600). The resul-

tant product was lyophilized and stored in septum-sealed vials.
Before injection in mice, microbubbles were reconstituted in 2
mL of 5% glucose. Themean diameter of MBVEGFR2 was 1.5 mm
(range, 1–3 mm), as assessed by using a cell counter and sizer
(Multisizer III Coulter Counter; Beckman Coulter; ref. 26).
MBVEGFR2 was previously shown to cross-react with murine,
rat, and human VEGFR2 (26, 30). Nontargeted microbubbles
that lack the VEGFR2-specific lipopeptide construct were used
as control microbubbles (MBControl).

Ultrasound molecular imaging
Imaging protocol. Ultrasound molecular imaging was

conducted as described previously (31), and a detailed descrip-
tion of the imaging protocol is provided in the Supplementary
Materials. Images representing signal from adherent micro-
bubbles (molecular imaging signal) were displayed as color
maps overlaid on B-mode images, automatically generated by
using commercially available Vevo CQ software (VisualSonics).
The scale for the color maps was kept constant for all images.

Binding specificity of microbubbles to VEGFR2 in trans-
genic mouse model. In the first part of the imaging study,
VEGFR2-binding specificity of MBVEGFR2 was tested in 26
transgenic mice bearing tumors (Fig. 1) in an intra-animal
comparison study using MBVEGFR2 and MBControl, as well as by
conducting in vivo competition experiments (details are pro-
vided in Supplementary Materials). Tominimize any bias from
repetitive injections in the same mice, injections were sepa-
rated by at least 30 minutes waiting time to allow clearance of
microbubbles from previous injections (32).

Correlation between in vivo imaging and histology
Ultrasound imaging. To determine how VEGFR2-tar-

geted ultrasonic imaging signal varies in different histologic
stages of breast cancer progression (from normal mammary
gland tissue to hyperplasia, DCIS, and invasive breast cancer),
in the second part of the study, the mammary glands of
transgenic mice (n ¼ 233) and glands of age-matched control
littermates (n¼ 82) were imaged using MBVEGFR2 as described
above at different stages of breast cancer development
between ages 4 and 10 weeks, and the in vivo imaging signals
were correlated with ex vivo histologic findings (Fig. 1). A total
of 315mammary glands were imaged, and all mammary glands
were excised immediately after imaging to allow direct corre-
lation between in vivo imaging findings and ex vivo histology.
Before isolating the mammary glands, the imaging plane
(position of ultrasound transducer) was marked on the skin
of the mammary gland using a tissue marking dye (Cancer
Diagnostics, Inc.) to ensure that the imaged plane was corre-
lated with about the same plane and oriented in the same way
on ex vivo analysis.

Imaging data analysis. After each imaging session, the
imaging data sets of all mice were analyzed offline in random
order at a dedicated workstation with commercially available
software (Visualsonics). Analysis was conducted in a blinded
fashion by one independent reader, blinded to the type of
microbubbles (MBVEGFR2 vs. MBControl), the age of the animals
and the animal type (transgenic or control). Regions of interest
(ROI) were drawn over themammary gland and themagnitude
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of imaging signal from attachedmicrobubbles was assessed by
calculating an average for pre- and post-destruction imaging
signals and subtracting the average post-destruction signal
from the average pre-destruction signal, as described previ-
ously (Fig. 1; refs. 33, 34).
Ex vivo analysis of mammary glands. Ex vivo analyses of

mammary glands for quantitative immunofluorescence (QIF)
and microvessel density (MVD) were conducted using stan-
dard techniques (see Supplementary Materials).

Calculation of ultrasonic molecular imaging signal
thresholds
To determine thresholds of VEGFR2-targeted ultrasound

imaging signals to allow discrimination of benign (normal and
hyperplasia) from malignant histologic entities (DCIS and
invasive breast cancer) based on imaging, receiver operating
characteristic (ROC) curves were constructed, and the sensi-
tivity and specificity for potential imaging signal threshold
levels and corresponding 95% confidence intervals (CI) were
calculated using the datasets from the above described imag-
ing/histology correlation study from 315 mammary glands. In

addition, a nonparametric logistic regression model was used
to predict the probability of a histologic stage (normal, hyper-
plasia, DCIS, or invasive breast cancer) based on ultrasound
imaging. On the basis of these calculations, an imaging signal
threshold level of 4.6 arbitrary units (a.u.) was selected to
differentiate benign from malignant histologic entities for the
subsequent prospective imaging trial (see below).

Prospective imaging trial in screening setting
In the third part of the study, the diagnostic accuracy of

ultrasonic molecular imaging in differentiating the 4 different
histologic tissues was assessed in a prospective screening
setting (Fig. 1). For this purpose, an additional 63 mammary
glands from transgenic and wild-type littermates at random
ages between 4 and 10 weeks were scanned. This study design
was chosen to simulate a screening scenario with "patients"
with and without increased risk for breast cancer (transgenic
and wild-type littermates) that present with different mam-
mary gland pathologies at the time of screening ultrasound.
The imager was blinded to the age and group of mice (trans-
genic vs. normal) at the time of screening ultrasound. After

Figure 1. Summary of overall study design, which included three parts. MBD, microbubble destruction.
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each imaging exam, image analysis was conducted as
described above by 2 independent readers. Both readers were
blinded to the age of the animals and the animal type (trans-
genic or control). Both readers were asked to render a diag-
nosis for eachmammary gland (malignant vs. benign) based on
the ultrasonic molecular imaging signal obtained from the
mammary gland andusing the imaging signal threshold level of
4.6. a.u. as calculated above. The mammary glands were
excised, and ex vivo analysis of the mammary glands was
conducted as described above. The diagnosis at pathology was
used as reference standard to calculate diagnostic accuracy of
ultrasound molecular imaging in diagnosing malignant versus
benign disease in the prospective screening setting. One of the
two readers conducted a repeat analysis 8 weeks after the first
imaging analysis to assess intra-operator agreement.

Statistical analysis
All data are represented as mean � SD. For details on

statistical analysis, please refer to Supplementary Methods.

Results
Clinical-grade MBVEGFR2 binds to murine VEGFR2 in
transgenic mice with high specificity

As a first step, we tested binding specificity of clinical grade
MBVEGFR2 tomurine VEGR2 in 26 breast cancers with different
sizes in transgenic mice (mean diameter, 7 mm; range, 3–12
mm). Following intravenous administration of MBVEGFR2, in
vivo ultrasound imaging signal obtained from breast cancers
was significantly higher (P < 0.001) than the signal obtained
after MBControl administration (Fig. 2). In the same mice,

binding specificity ofMBVEGFR2 to VEGFR2was further verified
by in vivo blocking of the VEGFR2 receptor with anti-VEGFR2
antibody, which significantly (P< 0.001) decreased the signal by
87% on average (Fig. 2). Overall, these results confirmed in vivo
binding specificity of clinical-grade MBVEGFR2 to murine
VEGFR2 in transgenic mice and showed presence of increased
VEGFR2 expression over a broad range of breast cancer tumor
sizes.

Molecular ultrasound imaging signal increases as the
mouse breast tissue progresses from normal to cancer

We then assessed the in vivo ultrasound molecular imaging
signal in 315 mammary glands randomly scanned at different
ages between weeks 4 and 10. Figure 3 summarizes the
distribution of the 4 histologic types (normal, hyperplasia,
DCIS, invasive cancer) among all mammary glands. At 4 weeks
of age, many mammary glands already showed histologic
features of hyperplasia or DCIS; 30% of the mammary glands
showed normal mammary tissue at that age. Presence of
hyperplasia peaked in week 5 (29% of mammary glands). DCIS
was the predominant histologic feature between weeks 4 and 8
with a peak at week 7. Invasive breast cancer was first noted at
week 7 and, by week 10, 94% of mammary glands showed
histologic features of invasive breast cancer.

As the mammary glands progressed through the different
histologic types, ultrasound molecular imaging signal signifi-
cantly increased (P < 0.001) and positively correlated with
histology (P < 0.001; Fig. 4A and B). Normal breast tissue
showed only background imaging signal (mean, 1.65 � 0.17
a.u.); imaging signal significantly increased in hyperplasia

Figure 2. Summary of ultrasound
molecular imaging signals
obtained from intra-animal
comparison after intravenous
administration of MBVEGFR2,
MBControl, and MBVEGFR2 after
blocking with anti-VEGFR2
antibodies (�, P < 0.001).
Representative transverse B-mode
images with overlaid VEGFR2-
targeted ultrasound molecular
imaging signals are shown from
one mammary gland harboring
invasive breast cancer. Green
line represents ROIs.
Scale bar, 1 mm.
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(mean, 4.21 � 1.16 a.u.; P ¼ 0.021). When breast tissue further
progressed from hyperplasia to DCIS, mean ultrasoundmolec-
ular imaging significantly increased to 15.95 � 1.31 a.u. (P <
0.001). Imaging signal further significantly increased (P< 0.001)
when DCIS progressed to invasive breast cancer (78.1� 6.31 a.
u.; Fig. 4A and B). Imaging signal in breast cancer was 47.3-fold
higher than normal breast tissue, 18.6-fold higher than hyper-
plasia, and 4.9-fold higher than DCIS.

VEGFR2 expression increases with breast tissue
progression from normal, hyperplasia, DCIS to invasive
breast cancer
Following ultrasound imaging, mice were sacrificed and

tumors excised for ex vivo analysis. VEGFR2 expression was
significantly increased (P < 0.001) in hyperplasia, DCIS, and
invasive breast cancer comparedwith normal breast tissue and
was highest on the angiogenic vasculature of invasive breast
cancer (Fig. 5). Quantitative VEGFR2-based immunofluores-
cence signal strongly correlated with in vivo VEGFR2-targeted
ultrasonic molecular imaging (R2¼ 0.84; 95% CI, 0.72–0.91; P <
0.001). In addition to higher VEGFR2 expression levels, MVD
significantly (P � 0.001) increased in hyperplasia, DCIS, and
invasive breast cancer compared with normal tissue, suggest-
ing that increased in vivo VEGFR2-targeted imaging signal
during breast tissue progression from normal to invasive
breast cancer was caused by a combination of higher target
expression per vessel and an increase in the overall number of
vessels expressing the target VEGFR2. Using a linear regression
model, the fitted equation reflecting the association between
in vivo ultrasonic imaging signal, QIF, and MVD was: ultra-
sound signal ¼ 0.11 � MVD þ 3.55 � QIF � 0.47. The
quantitative value generated by this equation is referred to
as the angiogenesis score and represents a combination of the
number of vessels expressing the VEGFR2 andVEGFR2 expres-
sion per vessel. The angiogenesis score significantly increased
(P � 0.001) from normal to hyperplasia, DCIS, or invasive
subtypes of breast cancer in this transgenic mouse model
(Supplementary Fig. S1). The adjusted coefficient of correla-

tion was 0.74 (95% CI, 0.51–0.89; P � 0.001), suggesting good
correlation between in vivo ultrasonic molecular imaging
signal and both MVD and VEGFR2 expression levels on the
vasculature.

Ultrasound molecular imaging allows detection of DCIS
and invasive breast cancerwith high diagnostic accuracy

Figure 6 shows the ROC curve to differentiate benign
histologic entities (normal and hyperplasia) from diagnosing
those that need further clinical work-up (DCIS and invasive
breast cancer) based on ultrasound molecular imaging signals
obtained in 315 mammary glands. Overall, ultrasound allowed
the differentiation of benign frommalignant diseaseswith high
diagnostic accuracy (area under the curve, 0.94). Sensitivities,
specificities, and PPV and negative predictive (NPV) values to
differentiate benign from malignant cases using different
imaging signal threshold levels were calculated and are sum-
marized in Supplementary Tables S1 and S2. At a threshold
level of 4.6 a.u., benign and malignant histologic entities were
predicted to be diagnosedwith a sensitivity of 84% (95%CI, 78–
88) and a specificity of 89% (95% CI, 81–94; Supplementary
Table S1).

Using the threshold level of 4.6 a.u., 2 readers analyzed an
additional 63 mammary glands in a prospective screening
setting (20 glands each with normal, DCIS, and invasive
cancer; 3 hyperplastic glands). In this trial, malignant lesions
were differentiated from benign lesions with a sensitivity of
100% (95% CI, 91–100) and a specificity of 87% (95% CI, 66–97)
for both readers, respectively (Table 1). Both readers over-
called 3 benign findings (1 normal mammary gland and 2
glands with hyperplasia) as malignant (Table 2). Discrepancies
between both readers were observed in only 2 of 63 cases
(Table 2), which corresponded to an excellent interobserver
agreement [intraclass correlation coefficient (ICC)¼ 0.98; 95%
CI, 97–99]. Similarly, reproducibility in repeated analysis of
ultrasound molecular imaging data sets after 8 weeks con-
ducted by one of the readers was high (ICC ¼ 0.96; 95% CI,
90–98).

Figure 3. Bar graph shows
percentage distribution of 4 different
histologic findings (normal tissue,
hyperplasia, DCIS, invasive breast
cancer) in mammary glands of FVB/
N-Tg(MMTV-PyMT)634Mul
transgenic mouse model evaluated
between age 4 and 10 weeks.

Targeted Ultrasound Imaging in Early Breast Cancer Detection

www.aacrjournals.org Cancer Res; 73(6) March 15, 2013 1693

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/73/6/1689/2694674/1689.pdf by guest on 19 M

ay 2023



Discussion
Our study showed that VEGFR2-targeted ultrasound imag-

ing signal increases when mammary glands progress from
normal tissue to hyperplasia, DCIS, and invasive breast cancer
in a transgenic mouse model. At an ultrasound molecular
imaging signal threshold level of 4.6 a.u., DCIS and invasive
breast cancer can be differentiated from normal and hyper-
plastic mammary glands with high sensitivity and specificity.
Our results suggest that VEGFR2-targeted contrast microbub-
bles can increase the diagnostic accuracy of ultrasound in
earlier detection of both breast cancer and its precursor lesion
DCIS.

Ultrasound (7, 35, 36) and other imaging technologies such
as MRI (37, 38) and positron emission tomography (PET;
ref. 39) are currently being evaluated as adjunct screening
modalities in patients with mammographically dense
breasts, as screening mammograms can miss breast cancer
in more than 50% of patients with dense breast tissue (4, 5).
In fact, in several states in the United States, dense breast
laws have recently been passed that mandate radiologists to

specifically inform patients about the presence of dense
breast tissue on mammograms, acknowledging the limited
sensitivity of mammography in detecting breast cancer in
these patients. However, the diagnostic accuracy of current
ultrasound screening techniques in breast cancer detection
is low (40).

We explored whether the diagnostic accuracy of ultrasound
in earlier breast cancer detection could be improved bymolec-
ular imaging of tumor angiogenesis in a mouse model. To
simulate the apparent progression of ductal breast adenocar-
cinoma from normal to hyperplasia, DCIS, and invasive breast
cancer as observed in patients and to quantify the ultrasound
molecular imaging signal associated with these 4 histologic
stages, we used a transgenic mouse model that recapitulates
this progression in murine mammary glands. We found that
the angiogenic switch, the stage at which angiogenesis occurs
in tumor progression, can already be observed to some extent
in hyperplasia. Presence of angiogenesis further increased
significantly when mouse mammary glands developed DCIS
and invasive cancer; the highest values of MVD and VEGFR2

Figure 4. A, box plot summarizes
VEGFR2-targeted ultrasound
molecular imaging signals
obtained in normal, hyperplasia,
DCIS, and invasive breast cancer
of 315 mammary glands. Imaging
signal increased with mammary
gland tissue progressing through
different histologic stages and
imaging signals significantly
increased compared with
preceding stage. �, P ¼ 0.021;
��,P < 0.001). Note: each box in the
plot represents the 25th and 75th
quartiles, the line inside each box
identifies the median, and the
vertical lines outside indicate the
largest and smallest values in the
series of measurements, excluding
the outliers. The 5th and 95th
percentile of the data are
represented as outliers (dots).
B, representative ultrasound and
hematoxylin and eosin (H&E)
images of mammary glands with
4 different histologic stages.
Transverse B-mode with overlaid
VEGFR2-targeted ultrasound
molecular imaging signal (second
row) shows substantial increase of
ultrasound molecular imaging
signal in DCIS and invasive breast
cancer compared with hyperplasia
and normal mammary gland tissue
(scale bar, 1 mm). Note that B-
mode images alone (first row) do
not allow characterization of 4
different histologic types. H&E
staining of the corresponding
mammary glands is shown in third
row (scale bar, 1 mm). Ten-fold
magnified images from insets
are shown in fourth row (scale
bar, 0.1 mm).
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were observed inmammary glandswith invasive breast cancer.
In accordance with our findings in transgenic mice, recent
immunohistochemical studies in human breast samples
showed an angiogenic initiation at the hyperplasia stage with
a further increase of angiogenesis with the development of
DCIS and invasion (22, 41).
We then confirmed our hypothesis that in vivo ultrasound

molecular imaging signal using a contrast agent targeted at
tumor angiogenesis significantly increases during breast can-
cer development by correlating in vivo ultrasonic molecular
imaging findings with ex vivo histopathologic findings in 315
mammary glands. QIF showed that both the number of
angiogenic vessels and the ex vivo expression levels of
VEGFR2 per vessel strongly correlated with in vivo ultrasound
molecular imaging signal across the four different breast
histologies. Collectively, these findings indicate that tumor
angiogenesis including overexpression of angiogenic markers
such as VEGFR2 may play a significant role in breast cancer
progression in this mouse model and that imaging and
quantification of tumor angiogenesis using VEGFR2-targeted
ultrasound contrast agents could be leveraged to aid in the
earlier detection of clinically relevant findings such as DCIS
and invasive breast cancer by defining imaging signal thresh-
old levels.

Figure 5. Representative
photomicrographs of mouse
mammary glands with 4 different
histologic stages of breast cancer
development. Mammary gland
sections were stained for vascular
endothelial cell marker CD31 (green,
first column) and for VEGFR2 (red,
second column). Merged images
(yellow, third column) show
expression of VEGFR2 on vascular
endothelial cells. Note that number of
microvessels and the VEGFR2
staining increasedwith breast cancer
development (scale bar, 0.1 mm).

Figure 6. ROC curve for differentiating benign histologic entities (normal
and hyperplasia) from malignant entities (DCIS and invasive cancer) at
molecular ultrasound imaging threshold level of 4.6 a.u. Scale bar on right
represents VEGFR2-targeted ultrasound molecular imaging signal in
arbitrary units.
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This was further tested in a blinded prospective screening
trial by using newly defined ultrasound molecular imaging
signal threshold levels. To simulate a clinical scenario with
"patients" at risk to develop breast cancer, transgenic and
wild-type mice were randomly selected at various ages and
prospectively screened with ultrasound molecular imaging,
followed by direct ex vivo correlation with the in vivo
imaging results. Our results in 63 prospectively analyzed
mammary glands showed that clinically actionable findings
such as DCIS and invasive breast cancer can be detected
with a sensitivity of up to 100%, which was higher than the
predicted value of 84% obtained from the previous part of
our study. An explanation of this high sensitivity is the
observation that all 20 DCIS and 20 invasive breast cancer
cases included in this prospective screening trial happened
to show high levels of VEGFR2 and MVD and thus, the
ultrasound molecular imaging signal was measured above
the preselected threshold level value of 4.6 a.u.. Both readers
highly agreed between each other in differentiating malig-
nant from benign disease and the false-positive rate was low,
resulting in a PPV as high as 93%. This suggests that
ultrasound molecular imaging has the potential not only to
increase detection rates of DCIS and breast cancer in a
screening setting but also to eventually decrease the cur-
rently high call back rate and high number of unnecessary
biopsies.

We acknowledge several limitations of our study. First, we
acknowledge that the fast progression ofmammary tissue over
several weeks in the transgenic mouse model may not reflect
the usually slow development of breast cancer in patients. This

rapid transitionmay have artificially overstimulated angiogen-
esis and subsequently VEGFR2 expression inDCIS and invasive
cancer in our study. Second, this mouse model does not
develop other benign lesions beyond hyperplasia, and addi-
tional studies are needed to assess whether ultrasound allows
differentiation of those lesions from DCIS and breast cancer
based on the magnitude of the molecular imaging signal.
Third, the prevalence of DCIS and invasive breast cancer in
our mouse screening trial was higher than that in a clinical
screening population; this may have overestimated PPV and
NPV for ultrasound molecular imaging. Fourth, the injected
microbubble dose was used according to previous experience
in ultrasound molecular imaging of mice (26, 33, 42). The
contrast agent dosing when scaling to future first-in-man
clinical trials need to be assessed and may differ compared
with the dosing used in mice. Finally, we acknowledge that
with the current imaging equipment available, we scanned
only a 2-dimensional imaging plane from the center of the
breast lesions. Ongoing research explores volumetric ultra-
sound molecular imaging approaches to assess the molecular
signature from the entire 3-dimensional extent of the target
tissues.

In conclusion, our results suggest that ultrasoundmolecular
imaging using a novel clinical-grade VEGFR2-targeted ultra-
sound contrast agent allows highly accurate and reliable
detection of DCIS and breast cancer in a screening trial of
transgenic mice. This study lays the foundation for further
development of this promising imaging approach for earlier
breast cancer detection and paves the way for translational
clinical trials in the future.

Table 1. Sensitivity, specificity, PPV, and NPV in diagnosing malignant disease (DCIS and invasive cancer)
using an ultrasound imaging threshold level of 4.6 a.u. in prospective imaging trial in 63 mammary glands
analyzed by two independent readers

Ultrasound imaging threshold level (a.u.) Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI) NPV (95% CI)

4.6 100 (91–100) 87 (66–97) 93 (81–99) 100 (83–100)

NOTE: Values are identical for both readers as both readers misdiagnosed the same number of cases (see Table 2).

Table 2. Summary of 4 (cases A–D) of 63 cases with discrepancies between prospective ultrasound
imaging diagnosis provided by two independent readers and histologic findings

Misdiagnosed
cases Histologic finding

Ultrasound
signal measured
by reader 1

Diagnosis by
reader 1

Ultrasound
signal measured
by reader2

Diagnosis
by reader 2

A Benign (normal) 4.16 Benign 4.75 Malignant
B Benign (normal) 4.96 Malignant 0.57 Benign
C Benign (hyperplasia) 8.81 Malignant 4.67 Malignant
D Benign (hyperplasia) 11.87 Malignant 8.48 Malignant

NOTE: Both readers independentlymisdiagnosed 3 of 63 cases comparedwith histology using the ultrasound imaging threshold value
of 4.6 a.u., corresponding to an error rate of 4.8%. Two cases (C and D) were overcalled as malignant by both readers; there was
discrepancy between the two readers in two cases (A and B).
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