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Abstract Vascular endothelial growth factor receptor 2
(VEGFR-2) and «,f; integrin are the most frequently
addressed targets in molecular imaging of tumor angio-
genesis. In preclinical studies, molecular imaging of
angiogenesis has shown potential to detect and differentiate
benign and malignant lesions of the breast. Thus, in this
retrospective clinical study employing patient tissues, the
diagnostic value of VEGFR-2, o,f3; integrin and vascular
area fraction for the diagnosis and differentiation of breast
neoplasia was evaluated. To this end, tissue sections of
breast cancer (n = 40), pre-invasive ductal carcinoma
in situ (DCIS; n = 8), fibroadenoma (n = 40), radial scar
(n = 6) and normal breast tissue (n = 40) were used to
quantify (1) endothelial VEGFR-2, (2) endothelial o, /35
integrin and (3) total «, /33 integrin expression, as well as (4)
the vascular area fraction. Sensitivity and specificity to

Electronic supplementary material The online version of this
article (doi:10.1007/s10456-016-9499-4) contains supplementary
material, which is available to authorized users.

P< Fabian Kiessling
fkiessling @ukaachen.de

Department for Experimental Molecular Imaging, Helmholtz
Institute for Biomedical Engineering, Medical Faculty,
RWTH Aachen University, Pauwelsstr. 30, 52074 Aachen,
Germany

2 Institute of Pathology, Medical Faculty, RWTH Aachen
University, Aachen, Germany

Bracco Suisse SA, Geneva, Switzerland

Department of Targeted Therapeutics, MIRA Institute for
Biomedical Technology and Technical Medicine, University
of Twente, Enschede, The Netherlands

Department of Pharmaceutics, Utrecht Institute for
Pharmaceutical Sciences, Utrecht University, Utrecht,
The Netherlands

differentiate benign from malignant lesions were calculated
for each marker by receiver operating characteristics
(ROC) analyses. Whereas vessel density, as commonly
used, did not significantly differ between benign and
malignant lesions (AUROC: 0.54), VEGFR-2 and o,f33
integrin levels were gradually up-regulated in carcinoma
versus fibroadenoma versus healthy tissue. The highest
diagnostic accuracy for differentiating carcinoma from
fibroadenoma was found for total o, /33 integrin expression
(AUROC: 0.76), followed by VEGFR-2 (AUROC: 0.71)
and endothelial o35 integrin expression (AUROC: 0.68).
In conclusion, total o,f3; integrin expression is the best
discriminator between breast cancer, fibroadenoma and
normal breast tissue. With respect to vascular targeting and
molecular imaging of angiogenesis, endothelial VEGFR-2
appeared to be slightly superior to endothelial «, /33 for
differentiating benign from cancerous lesions.

Keywords Molecular imaging - Breast cancer screening -
Mammography - BR55 - RGD

Introduction

Breast cancer is the second leading cause of cancer-related
deaths among women in the USA and Europe [1, 2].
Although annual X-ray mammography screening was
reported to result in a reduction of breast cancer-related
mortality [3], radiation exposure is high and/or the diag-
nostic accuracy can be impaired by high tissue density or
by nonmalignant sclerotic lesions such as radial scars
associated with a carcinoma-mimicking spiculated
appearance. Therefore, mammography is usually supple-
mented by an ultrasound examination providing a different
tissue contrast. Whereas surgical resection is standard
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treatment in case of evident cancer-suspect findings or
high-grade ductal carcinoma in situ (DCIS), follow-up
controls are recommended in case of diagnostic findings
associated with benign lesions (e.g., fibroadenoma) or
sclerotic lesions such as radial scars. Intricately, in case of
uncertain or conflicting mammography/sonography find-
ings, the execution of an (ultrasound-guided) biopsy is
routinely performed for the diagnostic clarification of the
suspect finding [4]. However, biopsies are painful and carry
the risk of tumor cell retraction in the biopsy channel.
Thus, it would be highly helpful to get higher diagnostic
accuracy for uncertain lesions by the ultrasound examina-
tion, which would reduce the number of required biopsies
and avoid the application of another cost- and time-inten-
sive imaging method such as dynamic contrast-enhanced
magnetic resonance imaging (DCE-MRI).

The use of molecularly targeted microbubbles as contrast
agents may move ultrasound imaging toward the required
sensitivity and specificity. In this regard, angiogenesis-as-
sociated proteins expressed on the endothelial cell layer
such as VEGFR-2 and ¢, /33 integrin have been identified as
promising targets for monitoring (anti-)angiogenesis using
molecularly targeted microbubbles in combination with
ultrasound imaging in preclinical tumor models [5, 6].
Whereas the transmembrane receptor tyrosine kinase
VEGFR-2, which activates the PI3K/Akt/mTOR pathway
and mediates endothelial cell proliferation, is mainly
expressed on activated endothelium, the cell adhesion
molecule «,f3; integrin, which binds to arginine-glycine-
aspartic acid (RGD)-containing proteins and peptides, is up-
regulated on tumor endothelium and on interstitial and
tumor cells [7-9]. Importantly, as reported by previous
studies [10-12], molecular ultrasound enables the nonin-
vasive discrimination between breast neoplasms of different
malignancy in mice and rats. In addition, phase II clinical
trials have been recently launched evaluating the diagnostic
potential of VEGFR-2-targeted microbubbles (BR55) using
ultrasound in patients with breast or ovarian cancer (Www.
clinicaltrialsregister.eu, EudraCT: 2012-000699-40) and
prostate cancer (www.clinicaltrials.gov, NCT02142608).
However, results from translational trials investigating the
diagnostic accuracy of molecular ultrasound contrast agents
targeting VEGFR-2 for breast tumor differentiation have
not yet been published.

o33 integrin has also been reported previously to be
expressed on the endothelium in malignant tumors, thus
rendering it promising as a target molecule for molecular
ultrasound imaging purposes using o,f(s-targeting
microbubbles [13]. However, the majority of preclinical
molecular imaging studies focusing on targeted o, (3 inte-
grin imaging utilize RGD-based peptides for positron
emission tomography (PET) or single-photon emission
computed tomography (SPECT) imaging [14—16]. Results
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from translational trials investigating the diagnostic accu-
racy of (1) molecular ultrasound contrast agents targeting
endothelial «,/3; integrin or (2) molecular PET or SPECT
contrast agents targeting globally expressed o33 integrin
for breast tumor differentiation have only rarely been
reported so far [17-19].

Here, we evaluated the suitability of the molecular
imaging targets VEGFR-2 and 0,33 integrin for the clinical
discrimination between benign and malignant lesions using
tissue samples of 134 female patients with ductal cancer,
lobular cancer, high-grade DCIS, benign fibroadenoma,
radial scars and healthy breast tissue (Table 1). Further-
more, we compared the sensitivity and specificity of
VEGFR-2 and a,f; integrin expression with those of the
vascular area fraction (upon computational filling of CD31-
positive vessel structures), in order to investigate the
diagnostic precision of these targets for differentiating
suspicious breast lesions, e.g., with molecular imaging
methods.

Materials and methods

Human tissue samples

Tissue samples from 134 female patients were evaluated to
quantify the VEGFR-2 and «,/3; integrin expression as well

as the vascular area fraction in breast cancer, DCIS, benign
fibroadenoma, radial scar and normal breast tissue

Table 1 Patient characteristics

No. of patients

Normal breast 40
Fibroadenoma 40
Radial scar
Ductal carcinoma in situ (DCIS) 8
Breast carcinoma 40
Histologic type
Ductal cancer 20
Lobular cancer 20
Histologic grade

Gl 2

G2 25

G3 13
Tumor size

T<2cm 24

T>2cm 16
Lymph node involvement

Positive 5

Negative 34

Missing 1
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specimens. In accordance with their histomorphological
subtype (Table 1), n =40 breast cancer patients
(64 £ 12 years) were subdivided into patients with ductal
cancer (n =20; 67 £ 12 years) and lobular cancer
(n = 20; 60 £ 10 years). Patients undergoing neo-adju-
vant therapy were not included. Representing a precan-
cerous but noninvasive lesion, n = 8§ patients with high-
grade DCIS were selected (56 £ 12 years). Representing
benign lesions, n = 40 patients with fibroadenoma
(30 £ 10 years) and n = 6 patients with radial scars
(52 £ 13 years) were selected. All investigated tissues
were taken from vital areas in the periphery of the lesions.
Normal breast tissue samples were obtained from breast
reduction surgery specimens (n = 40; 42 £ 17 years). The
use of human tissue was approved by the local ethics
committee of the RWTH Aachen University. The diag-
nostic appraisal was performed by experienced pathologists
and based on clinical pathological guidelines.

Quantitative immunofluorescence and statistical
analyses

Immunofluorescent stainings for CD31, VEGFR-2 and «,/33
integrin were performed using routine protocols. Prior to
immunofluorescence staining, paraffin-embedded tissue
samples were pre-treated with ultraviolet light for 3 h (at
515 and 630 nm) to reduce collagen auto-fluorescence
without affecting tissue integrity. Subsequently, paraffin-
embedded tissue sections were processed using routine
protocols and co-stained for CD31 (Acris antibodies,
Herford, Germany) and VEGFR-2 (Dianova, Hamburg,
Germany) or for CD31 and o,f; integrin (Abcam, Cam-
bridge, United Kingdom). Cy2- and Cy3-labeled secondary
antibodies were obtained from Dianova. Counterstaining of
cell nuclei was performed using Hoechst 33258 (Sigma-
Aldrich, Steinheim, Germany).

Fluorescence microscopy was performed using an Axio
Imager M2 microscope with an AxioCam MRm revision 3
high-resolution camera (Carl Zeiss, Gottingen, Germany).
Four different fields-of-view (FOVs; each 225 x 170 um?)
per section were captured representatively. Comparable
exposure times per channel were used for all tissue sections.
Fluorescence signals of endothelial VEGFR-2 as well as of
total and endothelial «, 3 integrin expressions were seg-
mented based on threshold, and area fractions were analyzed
using the AxioVision Rel 4.8 software (Carl Zeiss). Com-
parable thresholds per channel were used for all tissue sec-
tions. When specifically quantifying the endothelial area
fraction of VEGFR-2 or «,f; integrin, all threshold-based
segmented but nonendothelial (CD31) co-localized signals
were manually excluded (Supplementary Fig. Sla+b). The
vascular area fraction was computationally reconstructed by
filling all CD31-positive vascular structures using a

previously described custom macro implemented for open-
access ImageJ analysis software version 1.43ru (NIH;
Bethesda, MD, USA) (Supplementary Fig. Slc) [20].

Statistical analysis

Data are shown as scattered dot plots including median
with interquartile range. The nonparametric Kruskal—
Wallis test combined with Dunn’s multiple comparison test
was used to compare (1) the filled CD31 area fraction, (2)
the endothelial VEGFR-2 expression, (3) the total o,f5
expression and (4) the endothelial «,f3; expression across
various patient groups or various grades of carcinomas. For
comparing these parameters between IDC and ILC or
between different tumor sizes, the nonparametric Mann—
Whitney test was used. A P value of <0.05 was considered
significant. Sensitivity and specificity were assessed using
receiver operating characteristics (ROC) analyses. Area
under the ROC curve (AUROC) was calculated to compare
the diagnostic accuracy of the above-mentioned parameters
for differentiating histologic breast entities. Statistical
analyses were performed using GraphPad Prism 5.0
(GraphPad Software, San Diego, CA, USA).

Results

Endothelial VEGFR-2 levels, but not vascular area
fractions, enable the discrimination
between malignant and benign breast lesions

We first analyzed the endothelial VEGFR-2 expression in
specimens of normal breast tissue versus fibroadenoma
versus carcinoma, and compared VEGFR-2 levels with
vascular area fractions as a marker of vascularization
(Fig. 1a and Supplementary Fig. 2a). Quantifications of the
filled CD31 area fraction as a histologically reconstructed
measure for the vascular area fraction merely revealed
significant differences between normal breast tissue and
any sort of neoplasm (P < 0.001; Fig. 1b). Values for the
filled CD31 area fraction did not significantly differ
between fibroadenoma (7.6 &+ 1.9 %; Fig. 1b), DCIS
(7.0 £ 1.3 %; Supplementary Fig. 2b) and carcinoma
(7.9 &+ 2.4 %; Fig. 1b). These findings indicate that the
discrimination between cancerous, pre-invasive DCIS and
benign lesions could not be achieved by quantifying the
vascular area fraction, which seems to be generally
increased in any sort of breast neoplasms. Merely, the filled
CD31 area fraction was significantly lower in radial scars
than in fibroadenoma or carcinoma (P < 0.01; cf. Fig. 1b
and Supplementary Fig. 2b).

Conversely, endothelial VEGFR-2 expression increased
in breast cancer by +171 % compared to normal breast
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Fig. 1 Vascular area fraction
and endothelial VEGFR-2
expression in different
neoplastic lesions of the human
breast. a Representative
photomicrographs of normal
breast tissue (first column),
fibroadenoma (second column),
ductal carcinoma (third column)
and lobular carcinoma (fourth
column) co-stained with
Hoechst cell nuclei marker
(blue, first row), against
endothelial cell marker CD31
(green, second row) and against
VEGEFR-2 (red, third row).
Merged images (fourth column)
demonstrate that VEGFR-2 was
expressed by CD31-positive
endothelial cells and, in parts,
aberrantly by tumor cells. Scale
bar = 50 pm. Quantification of
the filled CD31 (b) and
endothelial VEGFR-2 (c¢) area
fraction in all cohorts. Data are
shown as scattered dot plots
including median with
interquartile range; n = 40
patients per group;

##% P < 0.001 and ** P < 0.01
(Kruskal-Wallis test including
Dunn’s multiple comparison
test). d+e ROC curves for
differentiating invasive breast
cancer from benign entities
(normal breast and
fibroadenoma). ROC analyses
were performed based on
quantified area fractions of the
computationally filled CD31
signal reflecting the vascular
area fraction (d) and of the
endothelial VEGFR-2 signal
(e) using immunofluorescence
for differentiating normal breast
versus fibroadenoma (left
panels), normal breast vs.
carcinoma (middle panels) and
fibroadenoma versus carcinoma
(right panels; n = 40 patients
per group). Note that the
diagnostic accuracy, reflected
by the calculated area under
ROC curve (AUROQ), is
significantly higher for a
VEGFR-2-based discrimination
between cancerous lesions and
fibroadenomatous hyperplasia
than for vascular area fraction-
based discrimination
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tissue (0.125 % 0.065 % vs. 0.046 + 0.056 % VEGFR-2
area fraction, respectively; P < 0.0001; Fig. 1c), by
4138 % compared to radial scars (0.0525 £ 0.01643 %;
Supplementary Fig. 2c) and by +52 % compared to
fibroadenoma (0.082 £ 0.056 %; P < 0.01; Fig. 1c). This
demonstrates that endothelial VEGFR-2 is gradually up-
regulated in breast neoplasms, i.e., a slight up-regulation in
benign fibroadenoma and a stronger up-regulation in
malignant carcinomas, confirming the usefulness of
endothelially expressed VEGFR-2 as a diagnostic target for
discriminating malignant and benign breast lesions (e.g.,
using VEGFR-2-targeted molecular imaging agents, such
as BR55). Importantly, compared to normal breast tissue,
significant higher values for the endothelial VEGFR-2 area
fraction were also found in situ for DCIS lesions
(0.1066 £ 0.01899 %; P < 0.01; cf. Figure lc and Sup-
plementary Fig. 2c). Interestingly, no significant differ-
ences were observed when comparing breast cancer
subtypes, such as ductal cancer and lobular cancer, neither
for the filled CD31 nor for the endothelial VEGFR-2 area
fraction (Supplementary Fig. S3a+b). Moreover, with the
exception of filled CD31 area fraction in carcinoma
grouped by tumor size, neither vascular area fraction nor
VEGFR-2 expression did significantly differ when com-
paring different tumor grades and sizes with each other
(Supplementary Fig. S44-5).

To test our hypothesis that endothelial VEGFR-2 better
discriminates between benign and malignant breast lesions
than vessel density, ROC analyses were carried out by
representatively taking results from normal breast tissue,
benign fibroadenoma and breast carcinoma into account.
Overall, quantifying the filled CD31 area fraction merely
allowed the differentiation between normal breast tissue
and any sort of neoplasm with high diagnostic accuracy
(AUROC: 0.79), but not a valid discrimination between
benign and malignant lesions (AUROC: 0.54; Fig. 1d;
Supplementary Table S14-2). Strikingly, quantifying the
endothelial VEGFR-2 expression allowed in particular this
clinically relevant discrimination between noncancerous
and cancerous breast lesions with significantly increased
diagnostic accuracy (AUROC: 0.71; Fig. le; Supplemen-
tary Table S3+4). At an optimal discrimination cutoff of
0.09 % endothelial VEGFR-2 area fraction, benign and
malignant breast lesions were predicted to be diagnosed
with a sensitivity of 67.5 % and a specificity of 70 % (as
compared to merely 55 % for both sensitivity and speci-
ficity at a cutoff of 7.710 % for the filled CD31 area
fraction) (cf. Supplementary Table S1 with S3). In addi-
tion, as expected, only a weak but significant correlation
was found in carcinoma patients when comparing the area
fractions of filled CD31-positive vessels with those of
endothelial VEGFR-2 expression (the Pearson r = 0.3297;
P < 0.05; Supplementary Fig. S6). Collectively, these

findings indicate that VEGFR-2, expressed on the activated
endothelium, may be indicated as a molecular imaging
target for the discrimination between cancerous or pre-in-
vasive versus noncancerous breast lesions and superior to
the assessment of vascularization.

Endothelial and total «,f3; integrin expression

To further investigate if o33 integrin, another preclinically
validated target molecule for molecular imaging, is also
suitable for the clinical discrimination between cancerous,
pre-invasive DCIS and benign breast lesions, tissue samples
of 134 patients were stained against CD31 and «,f3; integrin
(Fig. 2a and Supplementary Fig. S2d). Representative ima-
ges demonstrate that in line with VEGFR-2, which is pre-
dominantly but not exclusively expressed by endothelial
cells (Fig. 1a) [21, 22], «,3; integrin is expressed by
endothelial, stromal and breast cancer cells (Fig. 2a). Sig-
nificant differences in the total «,3; integrin area fraction
(combining endothelial and nonendothelial «,33 integrin and
thus being more relevant for extravasating molecular
imaging probes) were observed between benign fibroade-
noma (3.7 £ 1.3 % total o35 area fraction) and normal
tissue (2.7 &+ 0.6 %; P < 0.001; Fig. 2b). Importantly, dif-
ferences in total o33 area fraction were also significant
when comparing invasive breast cancer (4.8 £ 1.1 %) with
benign breast lesions such as fibroadenoma (3.7 £ 1.3 %;
P <0.001; Fig.2b) or radial scars (2.4 % £ 0.4 %;
P < 0.001; Supplementary Fig. S2e). Moreover, a signifi-
cant difference was also observed for the total o33 area
fraction when comparing pre-invasive DCIS lesions
(3.2 £ 0.7 %) with invasive cancerous breast lesions (Sup-
plementary Fig. S2e; P < 0.05).

Importantly, entity-specific differences were smaller for
endothelial expression of «,f3; integrin, which is only relevant
for large-sized intravascularly circulating microbubbles,
when comparing normal tissue with fibroadenoma or carci-
noma (0.04 £ 0.01 % vs.0.06 & 0.02 % vs.0.08 & 0.03 %
endothelial o33 area fraction; P < 0.05) (Fig. 2c). An up-
regulation of the endothelial «,(3; integrin expression was
neither found in radial scars nor in pre-invasive DCIS lesions
(Supplementary Fig. S2f).

When evaluating the endothelial and total o33 integrin
expression for differentiating between benign and cancer-
ous lesions using ROC analyses, it was found that, as
compared to VEGFR-2, the diagnostic accuracy of
endothelial o35 integrin was lower (AUROC: 0.68; Sup-
plementary Fig. S7; Supplementary Table S5+6) and
totally expressed o33 integrin was higher (AUROC: 0.76;
Fig. 2d; Supplementary Table S7+48). However, the diag-
nostic accuracies of both, endothelial and global /83
integrin, were significantly higher compared to the diag-
nostic accuracy of the vascular area fraction (AUROC:
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Fig. 2 Total and endothelial
o33 integrin expressions in
different neoplastic lesions of
the human breast.

a Representative
immunofluorescence
microscopy images of normal
breast tissue (first column),
fibroadenoma (second column),
ductal carcinoma (third column)
and lobular carcinoma (fourth
column) co-stained with
Hoechst cell nuclei marker
(blue, first row), against
endothelial cell marker CD31
(green, second row) and against
o33 integrin (red, third row).
Merged images (fourth column)
demonstrate that o33 integrin is
expressed by endothelial cells,
but also by mesenchymal and
epithelial/tumor cells. Scale
bar = 50 pm. Quantification of
the total (b) and the endothelial
o35 integrin (c) area fraction in
all cohorts. Data are shown as
scattered dot plots including
median with interquartile range;
n = 40 patients per group;

##% P < 0.001 and ** P < 0.01
(Kruskal-Wallis test including
Dunn’s multiple comparison
test). (d) ROC analyses based
on the total o, /33 integrin signal
for differentiating normal breast
versus fibroadenoma (left
panels), normal breast versus
carcinoma (middle panels) and
fibroadenoma versus carcinoma
(right panels; n = 40 patients
per group)
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0.54; Fig. 1d). At an optimal cutoff of 0.065 % endothelial
o33 integrin area fraction, benign and malignant breast
lesions were predicted to be diagnosed with a sensitivity of
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integrin, at a threshold level of 4.06 % (Supplementary
Table S7). Importantly, when comparing the diagnostic
accuracies of the three markers for differentiating between
cancer and normal breast tissue using ROC analyses, total
o35 integrin (AUROC: 0.97; Fig. 2d) and endothelial o35
integrin (AUROC: 0.92; Supplementary Fig. S7) were both
associated with a higher diagnostic accuracy than
endothelial VEGFR-2 (AUROC: 0.87; Fig. le). Notably,
neither the total nor endothelial area fraction of o35 inte-
grin significantly differed when comparing ductal cancer
with lobular cancer (Supplementary Fig. S3c+d). In addi-
tion, levels of endothelial and global o33 integrin did not
significantly differ when comparing different tumor grades
or sizes with each other (Supplementary Fig. S4+5).

Discussion

Clinically applicable molecular imaging technologies such
as ultrasound, MRI, PET and SPECT, which allow nonin-
vasive quantitative analyses of marker molecules on tumor,
vascular and stromal cells, are considered promising for
diagnosing and staging malignancies as well as for therapy
monitoring. With respect to breast cancer, several studies
have demonstrated the high diagnostic potential of molec-
ular imaging approaches using VEGFR-2 or «,/3;-targeted
contrast agents in preclinical tumor models [5, 6, 10-12, 23—
25]. However, besides a pilot phase study on breast cancer
patients using radiolabeled o, f35-targeted RGD peptides and
PET demonstrating a significant probe uptake in the primary
lesion and in the metastases [19], clinical studies comparing
the diagnostic power of functional versus molecular imaging
for differentiating (mammographically) suspect tumors or
for monitoring recurrent lesions upon breast cancer surgery
have not yet been reported. Though a clinical study inves-
tigating the diagnostic accuracy of molecular ultrasound
imaging using VEGFR-2-targeted microbubbles (BRS5S5) for
breast tumor discrimination has been performed (EudraCT:
2012-000699-40), the final conclusions are not yet disclosed.

To bridge this gap on the histopathological level, we
aimed to systematically compare vascularization- and
angiogenesis-based parameters regarding their diagnostic
potential to discriminate between cancer, pre-invasive DCIS,
nonmalignant breast lesions and normal breast tissue. We
found that several breast lesions such as breast cancer, pre-
invasive DCIS and fibroadenoma were all unspecifically
associated with increased vascularization levels (reflected by
increased vascular area fractions) compared to normal breast
tissue, but no significant differences were observed between
cancerous and benign lesions, indicating that a vasculariza-
tion-derived parameter such as the vascular area fraction
alone is not sufficient enough to distinguish between both
entities. Partially contradicting results previously made by

Wells et al. [26] and Bluff et al. [27], who found significant
higher vascularization levels in breast carcinomas compared
to benign fibroadenomas or DCIS lesions, might be
explained by the fact that they quantified the microvessel
density (MVD) [28] as a measure of tissue vascularization,
whereas we reconstructed the vascular area fraction (via
computationally filling all CD31-positive vessels) because
this parameter reflects more closely functional vasculariza-
tion parameters (e.g., the relative blood volume, rBV) as
they are usually in vivo determined in patients. Although
differences in the vascular area fraction were not significant
yet between invasive cancer and benign breast lesions or
pre-invasive DCIS lesions, a tendency toward increased
vascularization levels in breast cancer was also observed in
the patient cohorts analyzed in our study. These differences
would potentially become significant when increasing the
sample size. However, this would not provide much benefit
for the vascular area fraction as a diagnostic parameter due
to a very limited discriminatory power accompanied by a
high number of false positive and/or negative results. In
addition, one has to consider that within our study only a
histological measure of the vascular volume was assessed.
With respect to vessel functionality, better results obtained
by DCE-MRI [29, 30] may be explained by the functional
nature of the parameters (e.g., peak enhancement and
washout), which, besides the blood volume, are also influ-
enced by perfusion, vascular leakage and enhanced inter-
stitial retention of the contrast agent. In contrast, we found
that the expression of the pro-angiogenic marker proteins
VEGFR-2 and «,f3; integrin differed significantly between
breast cancer, pre-invasive cancerous lesions and benign
breast lesions. In line with preclinical studies, our
histopathological in situ findings support the notion that
VEGFR-2 and «,3; integrin may be suitable molecular
imaging targets for tumor diagnosis and characterization in
the breast [5, 6, 10-12, 23-25].

The addition of molecularly targeted imaging proce-
dures to mammography for characterizing suspect breast
lesions has been shown to improve specificity of the
diagnostic evaluation and to reduce the number of unnec-
essary biopsies [31]. Based on preclinical reports, potential
molecular imaging devices might be based on intravascu-
larly circulating molecularly targeted microbubbles
accessing molecular targets on the luminal surface of the
activated endothelium in tumors, or might be based on
small-sized extravasating peptides targeted against aber-
rantly expressed proteins on the surface of cancer cells or
cancer-associated (stromal) cells. Whereas the former ones
include, i.e., molecular ultrasound in combination with
microbubbles targeted against endothelially expressed
angiogenesis-related proteins such as VEGFR-2 or /3
integrin, the latter ones include, i.e., PET and SPECT
combined with RGD-based peptides [13-19].
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With respect to ultrasound imaging, the use of molecu-
larly targeted microbubbles as contrast agents may move the
combinational application of ultrasound plus mammography
for characterizing suspect breast lesions toward higher levels
of sensitivity and specificity and would thus reduce the
number of unnecessary biopsies. However, while whole-
breast screening using ultrasound has been suffering from
high operator-dependence for years [32], recent technolog-
ical developments in automated 3D breast sonography (re-
sulting in reduced interobserver variability) significantly
promote the applicability of whole-breast ultrasound as a
screening tool [31, 33]. In this context, molecular ultrasound
imaging, which utilizes intravenously injected microbubbles
targeted against angiogenesis marker proteins expressed on
the luminal surface of activated endothelium, might become
a fast operable and low-cost addition to the diagnostic
evaluation of breast masses using sonography (in contrast to
DCE-MRI, PET or SPECT). Referring to this, our in situ
data indicate that endothelial VEGFR-2 may be superior to
endothelial o, 35 integrin for the differentiation of benign
versus malignant breast tumors using targeted microbubbles
and molecular ultrasound.

Due to the fact that o35 integrin is not only expressed
by activated endothelial cells but also by breast cancer cells
and cancer-associated activated stromal cells, within our
histopathological study, total o33 integrin has been iden-
tified as the best discriminator between invasive breast
cancer, pre-invasive DCIS, benign lesions (radial scars,
fibroadenoma) and normal breast tissue. Consequently,
compared to endothelial VEGFR-2 and endothelial o, /35
integrin expression, total o, f3; integrin was presented with
the highest diagnostic accuracy for detecting and differ-
entiating breast lesions, indicating that, in principle, total
o33 integrin may be superior to the former two markers.
These data are in line with numerous previous studies
reporting on (1) o35 integrin as a prognostic indicator in
breast cancer [34], (2) the pharmaceutical targeting of o, /33
integrin to increase the efficacy of radioimmunotherapy in
breast cancer [35], (3) the contribution of «,/3; integrin to
tumor progression and metastatic potential [36] as well as
(4) its contribution as a driver of cancer stemness and drug
resistance in the neoplastic mammary gland [37, 38].
However, o,/3; integrin expressed on cancer and/or stromal
cells cannot be actively targeted using intravascularly cir-
culating microbubbles but merely by small-sized RGD-
based probes. These, however, would require the combi-
nation with PET- or SPECT-based molecular imaging
techniques, which are more time- and cost-intensive than
ultrasound.

In conclusion, this study bridges the gap between
research on molecular imaging in preclinical breast cancer
models and clinical studies using angiogenesis-targeted
contrast agents for noninvasively differentiating suspect

@ Springer

breast lesions. Our histopathological findings demonstrate
that a purely vascular area fraction-based discrimination
between malignant and benign breast lesions may be
insufficient due to highly variable vascularization levels
found in both entities. Secondly, VEGFR-2 and /3
integrin expression are significantly higher in human
breast cancer and pre-invasive DCIS lesions than in
benign lesions (e.g., fibroadenoma or radial scars) or
normal breast tissue, making them both in principle suit-
able as targets for molecular imaging. With respect to
vascular targeting, which is more relevant for targeted
ultrasound imaging, endothelial VEGFR-2 might be more
suitable than endothelial o33 for differentiating benign
from malignant breast tumors. On the contrary, with
respect to small probes enabling the targeting of stromal
and tumor cells, total o,f; integrin has been identified as
the best discriminator between breast cancer, benign
lesions and normal breast tissue. Thus, «,/; integrin might
be highly suitable for breast tumor detection and therapy
monitoring using RGD-based probes, e.g., for PET and
SPECT.
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