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Abstract

Purpose—To test ultrasonographic (US) imaging with vascular endothelial growth factor 

receptor type 2 (VEGFR2)-targeted microbubble contrast material for the detection of pancreatic 

ductal adenocarcinoma (PDAC) in a transgenic mouse model of pancreatic cancer development.

Materials and Methods—Experiments involving animals were approved by the Institutional 

Administrative Panel on Laboratory Animal Care at Stanford University. Transgenic mice (n = 44; 

Pdx1-Cre, KRasG12D, Ink4a−/−) that spontaneously develop PDAC starting at 4 weeks of age were 

imaged by using a dedicated small-animal US system after intravenous injection of 5 × 107 

clinical-grade VEGFR2-targeted microbubble contrast material. The pancreata in wild-type (WT) 
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mice (n = 64) were scanned as controls. Pancreatic tissue was analyzed ex vivo by means of 

histologic examination (with hematoxylin-eosin staining) and immunostaining of vascular 

endothelial cell marker CD31 and VEGFR2. The Wilcoxon rank sum test and linear mixed-effects 

model were used for statistical analysis.

Results—VEGFR2-targeted US of PDAC showed significantly higher signal intensities (26.8-

fold higher; mean intensity ± standard deviation, 6.7 linear arbitrary units [lau] ± 8.5; P < .001) in 

transgenic mice compared with normal, control pancreata of WT mice (mean intensity, 0.25 lau ± 

0.25). The highest VEGFR2-targeted US signal intensities were observed in smaller tumors, less 

than 3 mm in diameter (30.8-fold higher than control tissue with mean intensity of 7.7 lau ± 9.3 [P 

< .001]; and 1.7-fold higher than lesions larger than 3 mm in diameter with mean intensity of 4.6 

lau ± 5.8 [P < .024]). Ex vivo quantitative VEGFR2 immunofluorescence demonstrated that 

VEGFR2 expression was significantly higher in pancreatic tumors (P < .001; mean fluorescent 

intensity, 499.4 arbitrary units [au] ± 179.1) compared with normal pancreas (mean fluorescent 

intensity, 232.9 au ± 83.7).

Conclusion—US with clinical-grade VEGFR2-targeted microbubbles allows detection of small 

foci of PDAC in transgenic mice.

Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer-related 

death, with a mean 5-year survival rate of 6%. In 2013, 45 220 new cases of PDAC were 

diagnosed in the United States, with an estimated 38 460 patients succumbing to the disease 

(1). More than 80% of patients with new diagnoses have nonresectable, advanced disease 

(median survival, 4–6 months [2]), and more than 65% of surgical candidates will develop 

disease recurrence within 2 years after surgery (3). Several studies have shown that long-

term survival after PDAC resection increases with small tumor size, with a 5-year survival 

time of more than 75% when the primary tumor can be diagnosed with a diameter of less 

than 1 cm (2,4–6). Therefore, developing an early detection approach for PDAC detection 

holds great promise for improving the poor prognosis of patients with this devastating 

disease.

A multimodality screening approach of endoscopic ultrasonography (US) and magnetic 

resonance (MR) cholangiopancreatography has been proposed as a possible approach to 

screen for PDAC in high-risk patients (7,8). However, MR cholangiopancreatography has 

limited sensitivity in detecting small pancreatic lesions, and its substantial cost is 

disadvantageous for screening programs (9–11). Although endoscopic US has shown the 

highest sensitivity in detecting small PDAC lesions compared with other imaging 

modalities, it is operator dependent. Detection of PDAC with endoscopic US relies on the 

identification of several morphologic imaging criteria of precursor or early PDAC at B-

mode imaging, including parenchymal heterogeneity, echogenic foci, and hypoechoic 

nodules, which are subtle. It has been demonstrated that the interobserver agreement of 17 

expert endosonographers who interpreted endoscopic US images in high-risk patients was 

only fair to poor and did not improve, even with consensus interpretations (12). Other 

studies have shown enhanced detection sensitivity of endoscopic US when paired with 

nontargeted US contrast agents (microbubbles), which can highlight irregularities in 

vascular networks and vascular flow patterns (13–15). Contrast material–enhanced 

transabdominal US of the pancreas is also currently being explored, which may be a 
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noninvasive and cost-effective alternative to endoscopic US in patients with appropriate 

acoustic window to visualize the pancreas (16–18).

Advances in Knowledge

• Small pancreatic ductal adenocarcinoma (PDAC) lesions in the Pdx1-Cretg/+, 

KRasLSL G12D/+, Gli-1LacZ/+, Ink4a/Arf−/− transgenic mouse model express 

vascular endothelial growth factor receptor type 2 (VEGFR2) within the 

neovasculature that can readily be detected by using US with a clinical-grade 

VEGFR2-targeted microbubble contrast agent.

• Mean US signal of VEGFR2-targeted contrast enhancement is 26.8-fold higher 

in PDAC lesions compared with normal pancreatic tissue.

• PDAC lesions smaller than 3 mm have higher mean VEGFR2-targeted US 

signal compared with PDAC lesions larger than 3 mm in diameter.

The diagnostic accuracy of US in detecting PDAC could be further improved by using a 

microbubble contrast material engineered to bind proteins differentially expressed in the 

neovasculature of cancer. Neoangiogenesis, the process of new vascular growth from 

existing vascular networks or circulating endothelial stem cells, plays a key role in tumor 

growth beyond 0.2–2 mm in diameter (19–21). Molecular imaging of neovascular markers, 

such as vascular endothelial growth factor receptor type 2 (VEGFR2), which plays an 

important role in tumor neoangiogenesis of many cancers, including PDAC (22–26), may be 

an elegant approach for detecting PDAC at an early and still treatable stage, just after the 

angiogenic switch has occurred during tumor progression (27). Furthermore, it has been 

shown (26) that VEGFR2 expression levels in human PDAC cells and PDAC-associated 

vascular endothelial cells are increased when compared with those in normal pancreas and 

chronic pancreatitis, suggesting that VEGFR2 may be an appropriate biomarker for imaging 

PDAC in patients.

Implication for Patient Care

• The results reported in this study lay the foundation for the potential use of US 

with molecularly targeted contrast agents for the detection of PDAC in high-risk 

patients.

The purpose of this study was to test a US strategy with VEGFR2-targeted microbubble 

contrast agent for pancreatic cancer detection in a transgenic mouse model of PDAC 

development.

Materials and Methods

Bracco Suisse provided the clinically translatable contrast agent used in this study. Authors 

who were not employees of Bracco Suisse (M.A.P., S.B.M., E.S.S., J.J.L., T.A.B., J.R., 

J.K.W.) had control over inclusion of any data and information that might have presented a 

conflict of interest for authors who were employees of Bracco Suisse (F.T.).
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Transgenic Mouse Model of PDAC

All experiments involving animals were approved by the Institutional Administrative Panel 

on Laboratory Care at Stanford University. The transgenic PDAC mouse model of Pdx1-

Cretg/+, KRasLSL G12D/+, Gli1LacZ/+, Ink4a/Arf−/−, similar to that described by Aguirre et al 

(28), was used (denoted as PDAC mice). These mice spontaneously develop foci of PDAC 

within 4–7 weeks of age and closely recapitulate human disease progression and 

morphology (28). Age-matched littermates without the KRasG12D mutation (genotyped 

negative) were used as normal control wild type (WT) mice (denoted as WT mice). Mice 

were bred and genotyped (Mouse Genotype, Escondido, Calif) by M.A.P. (with 4 years of 

experience), E.S.S. (with 10 years of experience), and J.J.L. (with 10 years of experience).

US with VEGFR2-targeted Microbubbles

Forty-four PDAC mice with a total of 90 tumors and 64 WT mice were scanned with US. 

The diameter of tumors in the body and/or tail (n = 75) and head (n = 15) of the pancreas 

ranged between 0.7 and 7 mm (0–2 mm, n = 40; 2–3 mm, n = 22; 3–4 mm, n = 10; 4–5 mm, 

n = 11; and >5 mm, n = 7) as measured with US by using electronic calipers.

Beginning at 3 weeks of age, the pancreata of all mice were imaged twice weekly (by 

M.A.P.) in the transverse and sagittal planes by using a dedicated small-animal US system 

(Vevo2100; VisualSonics, Toronto, Ontario, Canada). The detailed protocol is described in 

Appendix E1 (online). Briefly, 40-MHz B-mode imaging was used to identify lesions 

suspicious for cancer (hypoechoic foci), and once a lesion was identified, the 40-MHz 

transducer was fixed into position on the imaging platform and switched with the 21-MHz 

transducer for nonlinear contrast-enhanced imaging (Fig 1; see Appendix E1 [online]). 

Contrast-enhanced perfusion and molecularly targeted imaging was accomplished with 

intravenous injection of BR55 clinical-grade microbubbles (Bracco Suisse, Geneva, 

Switzerland) that bind to human and murine VEGFR2 (29,30) (see Appendix E1 [online]). 

To allow for comparison of tumors of different sizes, a subset of PDAC mice (18 mice and 

28 tumors) were imaged with VEGFR2-targeted microbubbles 1–2 weeks after hypoechoic 

foci were first identified with 40-MHz B-mode imaging to allow interval growth to a larger 

diameter. To determine the binding specificity of VEGFR2-targeted microbubbles, the 

molecularly targeted US signal from VEGFR2-targeted microbubbles and nontargeted 

control microbubbles (Bracco Suisse) was compared in a subset of PDAC mice (seven mice 

and 10 tumors). Each mouse received two separate, sequential injections of VEG-FR2-

targeted microbubbles and nontargeted control microbubbles in random order. After the first 

injection of microbubbles, the molecularly targeted US sequence was performed (see 

Appendix E1 [online]) and was followed by a waiting period of 30 minutes to allow 

microbubbles to clear from the blood pool (31–34). Then, the second injection of 

microbubbles was administered, and the US sequence was performed by using the 

aforementioned protocol. This procedure was performed with the US transducer fixed in 

place to be able to acquire the signal intensities in the same field of view with both 

microbubble types.
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US Image Analysis

Motion-compensated data analysis on stored cine loops of perfusion and targeted imaging 

was performed by using commercially available analysis software (VevoCQ; VisualSonics) 

and is described in Appendix E1 (online). Briefly, a region of interest (ROI) was manually 

drawn around tumors or normal pancreas tissue, and molecular-targeted imaging signals 

were analyzed in random order by one reader (S.B.M., with 2 years of experience). Targeted 

imaging signals (in linear arbitrary units [lau]) in the ROIs were then calculated with the 

destruction-replenishment method (see Appendix E1 [online]) (31–34). Colorimetric maps 

of peak enhancement perfusion profiles were analyzed for patterns of peripheral or uniform 

distribution of functional vascularity (see Appendix E1 [online]) (35).

Ex Vivo Analysis of Pancreas Tissue

After scanning, the mice were euthanized, and pancreata were excised after in vivo tissue 

fixation (see Appendix E1 [online]) to minimize automatic self-digestion of the pancreas. 

Pancreas and spleen (for landmark reference) tissues were fixed and prepared as 8-μm 

frozen sections on microscope slides for hematoxylin-eosin staining (M.A.P., by following 

standard protocols [36]) and immunofluorescence staining for VEG-FR2 and CD31 (S.B.M., 

by following standard protocols to validate VEGFR2 expression on tumor neovasculature 

and for quantitative assessment of VEGFR2 expression; see Appendix E1 [online]).

Slides of hematoxylin-eosin–stained and scanned (×20 magnification, Nano-zoomer, 

Hamamatsu, Japan) samples were analyzed for the presence of foci of pancreatic cancer by a 

blinded pathologist (E.S.S., with 8 years of experience). Analysis of VEGFR2 and CD31 

colocalization and quantitative VEGFR2 immunofluorescence signal was performed by 

S.B.M. (with 8 years of experience; see Appendix E1 [online]).

Statistical Analysis

Statistical analyses (Wilcoxon rank sum tests, linear mixed-effects model, and 95% 

confidence intervals) are detailed in the Appendix E1 (online). A P value of less than .05 

was considered to indicate a significant difference. Stata software release 13.1 (StataCorp, 

College Station, Tex) was used for the statistical analyses.

Results

In Vivo US of PDAC and Normal Pancreas

VEGFR2-targeted US signal was quantified in 90 tumors formed within the pancreata of 44 

PDAC mice (mean age, 6.2 weeks ± 1.2; range, 3.3–8.9 weeks) and compared with 

VEGFR2-targeted US signal in 64 pancreata of WT mice (mean age, 5.4 weeks ± 1.3; range, 

3.6–8.3 weeks of age) (Fig 2). The 90 tumors (mean diameter, 2.6 mm ± 1.5; range, 0.7–7.4 

mm) were identified across the entire pancreas, with 15 tumors (mean diameter, 3.8 mm ± 

1.6; range, 1.7–7.4 mm) in the head of the pancreas and 75 tumors (mean diameter, 2.4 mm 

± 1.3; range, 0.7–6.6 mm) throughout the body and/or tail of the pancreas.

Overall for all tumor sizes, VEG-FR2-targeted US signal intensity was significantly higher 

(26.8-fold; P < .001) in PDAC (mean intensity, 6.7 lau ± 8.5; range, 0–57.4 lau; Fig 2b) 
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when compared with VEGFR2-targeted signal intensity in normal, control pancreata of WT 

mice (mean intensity, 0.25 lau ± 0.25; range, 0.0–1.2 lau; Table).

The VEGFR2-targeted US signal distribution among PDAC lesions was further analyzed by 

location (tail and/ or body vs head). Signal intensities obtained from PDAC in the tail and/ 

or body (n = 75 tumors) were significantly higher (mean intensity, 6.8 lau ± 8.8; range, 0–

57.4 lau; P < .001) than those in normal pancreas in WT mice but were not significantly 

different compared with signal intensities (mean intensity, 6.5 lau ± 6.8; range, 0–23 lau; P 

= .97) in PDAC located in the pancreatic head (n = 15).

The distribution of VEGFR2-targeted US signal intensity in PDAC was further analyzed on 

the basis of tumor size (Fig 2). Notably, smaller tumors less than 3 mm in diameter (n = 62 

tumors; mean diameter, 1.8 mm ± 0.6; range, 0.7–3.0 mm) had a significantly higher (P = .

024) VEGFR2-targeted US signal intensity (1.7-fold higher; mean intensity, 7.7 lau ± 9.3; 

range, 0.2–57.4 lau) compared with tumors larger than 3 mm in diameter (n = 28; mean 

diameter, 4.4 mm ± 1.2 [range, 3.01–7.4 mm]; mean intensity, 4.6 lau ± 5.8 [range, 0–23.0 

lau]; Table). Overall, there was a trend (P = .098) for the targeted US molecular imaging 

signal to decrease with tumor diameter.

In a subset of mice, control non-targeted microbubbles were injected during the same 

imaging session as the VEGFR2-targeted microbubbles to validate binding specificity of the 

VEG-FR2-targeted microbubbles. VEGFR2-targeted US signal was significantly higher (Fig 

3; mean intensity, 8.3 lau ± 7.1; range, 1.7–26.2 lau; P < .001) compared with nontargeted 

control microbubble experiments (mean intensity, 2.6 lau ± 2.7; range, 0.1–7.4 lau).

To determine if the in vivo VEGFR2-targeted US signal differences observed between small 

(<3 mm) and large (>3 mm) PDAC may have been due to a change in functional 

vasculature, perfusion analysis was performed. In small pancreatic tumors (<3 mm), 10% 

(four of 38) demonstrated a dominant peripheral perfusion pattern, while most (90%; 34 of 

38) showed a uniform perfusion pattern (Fig 4). In larger PDAC (>3 mm), the perfusion 

patterns were different; 42% of tumors (eight of 19) showed a dominant peripheral perfusion 

pattern, with the remaining tumors showing a uniform perfusion pattern. These perfusion 

patterns were in good agreement with the distribution patterns of VEGFR2-targeted US 

signal patterns on US molecular images (peripheral or uniform; κ = 0.86; 95% confidence 

interval: 0.67, 1.00; Fig 4 and Table).

Ex Vivo Analysis of Pancreatic Tissue

PDACs developing in transgenic mice were characterized as having a dense stroma, similar 

to that described in human PDAC (Figs 3, 4). Ex vivo immunostaining of tumor vessels 

demonstrated that VEGFR2 expression levels were significantly higher (P < .001) in PDAC 

(mean fluorescent intensity, 499.4 arbitrary units [au] ± 179.1) compared with normal, WT 

pancreas tissues (mean fluorescent intensity, 232.9 au ± 83.7). In normal, WT pancreas, low-

level VEGFR2 expression was observed in blood vessels associated with normal acinar 

cells. VEGFR2 was expressed in small capillaries of the pancreatic islets (37). There was no 

significant difference between the size of the tumor and the expression levels of VEGFR2 in 

the vasculature (P = .81).
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Discussion

In this study, an imaging strategy for earlier PDAC detection with US and a clinical-grade 

VEGFR2-targeted microbubble contrast agent was tested in a transgenic mouse model. 

Overall, PDAC was visualized with 26.8-fold higher mean VEGFR2-targeted US signal 

intensity compared with normal WT pancreas. In particular, small (<3-mm) tumors showed 

highest VEG-FR2-specific US signals. Thus, US with microbubble contrast agents targeted 

to angiogenesis markers, such as VEG-FR2, expressed early in pancreatic carcinogenesis 

may be further developed as a promising new strategy for earlier PDAC detection.

Our approach for developing an imaging strategy to identify small PDAC lesions leveraged 

one of the hallmarks of cancer, the recruitment of new blood vessels (neoangiogenesis). 

When small tumors grow beyond 0.2–2 mm in diameter (105 to 106 cells), the surrounding 

vasculature is not sufficient to maintain the metabolic need for oxygen and nutrients (22). 

This stimulates the release of proangiogenic signals from the tumor cells (the angiogenic 

switch), which triggers the activation of nearby endothelial cells, resulting in continual 

sprouting of new vessels to help sustain the growing lesion (20,38). In this study, we took 

advantage of the expression of VEGFR2, present in the neovasculature of many solid 

cancers, including PDAC (39). The VEGFR2-targeted contrast agent we used has just 

entered first clinical trials in Europe and the United States (clinicaltrials.gov nos. 

NCT01253213 and NCT02142608) and remains confined to the vasculature because of its 

size (mean diameter of 1.5 μm) (30,40). This property makes it particularly well suited to 

visualize molecular markers, such as VEGFR2, expressed on the luminal site of neovascular 

endothelial cells. The contrast agent specifically helps identify both human and murine 

VEGFR2 by using a heterodimeric peptide that was directly incorporated into the 

phospholipid-based microbubble shell, allowing testing of the contrast agent in mouse 

models (40).

To test our imaging approach, we used a transgenic mouse model with spontaneous PDAC 

development and phenotypes, such as dense desmoplastic stromal reactions typically seen in 

human PDAC (41,42). This model develops tumors with features similar to human PDAC, 

including variable grades of precursor lesions, ductal and anaplastic morphologies, well to 

moderately differentiated adenocarcinoma, and desmoplastic reactions. Our data suggest that 

VEGFR2-targeted US signal is significantly increased in PDAC compared with normal 

pancreatic tissue. In particular, the smallest tumors showed on average the highest mean 

imaging signals when compared with normal pancreas.

In contrast, when tumors further increased in diameter (beyond 3 mm), mean VEGFR2-

targeted US signal decreased when compared with very small tumor foci (<3 mm). 

Interestingly, while VEGFR2-targeted US signal decreased, there was no significant 

difference in the expression levels of VEGFR2 in tumors of different sizes, as assessed with 

immunostaining. This decrease of targeted imaging signal in our study may be explained by 

reduced vascular perfusion in larger tumors, due to a reduction in the number of functionally 

intact vessels, thereby decreasing the number of targeted microbubbles that reached their 

molecular target. It has been shown that the functional tumor vasculature is profoundly 

diminished in PDAC mouse models, similar to human PDAC, where up to 75% of the 
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vasculature was determined to be nonfunctional (43,44). This finding is consistent with the 

tumor perfusion observations with US in our study that showed a change from a 

homogeneous perfusion pattern in small tumors to a heterogeneous or peripherally dominant 

perfusion pattern as tumors increased in size. This reduction of functional tumor vasculature 

had recently been shown to be caused by abnormally high interstitial fluid pressures 

(fivefold higher) in PDAC compared with low-level pressure in normal mouse pancreas 

(43). This high pressure in cancer may lead to the collapse of functional vasculature with 

reduced perfusion (43) and, possibly, the general hypovascular appearance of PDAC at 

routinely performed contrast-enhanced computed tomography and MR imaging 

examinations. These considerations underscore the premise that US with molecularly 

targeted contrast agents may be particularly well suited for detection of PDAC at very small 

sizes, when the tumor vasculature is still functionally intact and expression of molecular 

markers such as VEGFR2 can be visualized. Detecting PDAC at such an early, still 

resectable stage before the onset of micrometastases and perineural invasion is highly 

desirable and could have a major effect on patient survival if successfully translated into the 

clinic (45).

We acknowledge the following limitations of our study. The transgenic mouse model we 

used has a relatively rapid tumor progression with observable tumors within 4–7 weeks of 

age, which may not relate to the temporal pattern of angiogenesis or VEGFR2 expression in 

humans or other mouse models of PDAC. Also, the transgenic mice harbor genetic 

alterations throughout the entire pancreas, with mice developing multifocal lesions of 

different sizes over time, which is different than in humans, where there may be only one 

focus of tumor development in an otherwise normal pancreas. Another limitation includes 

the fact that the perfusion statistics, which influence the contrast agent signaling in mice, 

may differ in human disease. Clinical studies are warranted to assess diagnostic accuracy of 

this imaging approach in human PDAC and in benign entities, including benign pancreatic 

tumors and chronic pancreatitis. Last, our study focused on the use of US with VEGFR2-

targeted microbubble contrast agents, and the use of microbubbles targeted to other 

endothelial markers (eg, endoglin [27], αvβ3 [27], or Thy1 [46]) may offer different results 

and/or opportunities in early detection of PDAC.

In conclusion, our study suggests that VEGFR2-targeted US allows detection of small foci 

of PDAC that spontaneously developed in a transgenic mouse model. Since US is 

advantageous (readily available and relatively inexpensive, with no exposure to ionizing 

radiation) for use as a screening modality, the addition of molecular imaging with 

microbubble contrast agent targeted to angiogenic markers, such as VEGFR2, has great 

potential for improving earlier detection of PDAC. This study provides a foundation for the 

development and clinical translation of a molecularly-targeted US-based approach for 

PDAC detection in high-risk patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The experimental design for imaging small foci of PDAC in transgenic mice is 

demonstrated. Transgenic mice were first scanned with high-resolution B-mode anatomic 

US (40-MHz transducer), starting at 3 weeks of age, and continuing twice per week until 

subtle hypoechoic or heterogeneous foci were seen. The same region was then scrutinized 

with US by using VEGFR2-targeted (or nontargeted) microbubbles (MBs) by using a 21-

MHz transducer. After imaging, the mouse was sacrificed, and tissues (pancreas and spleen 

as anatomic reference structures) were collected for ex vivo histologic examination and 

immunostaining.
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Figure 2. 
Demonstration of VEGFR2-targeted US signal observed in small foci of PDAC. (a) 
Representative VEGFR2-targeted US signal (green ROIs) is shown in normal pancreas (top 

panel) and two foci of PDAC in two different transgenic mice (middle and lower panels). 

Representative examples of a very small tumor (1.2 mm, middle panel) and a larger tumor 

(3.1 mm, bottom panel) are shown. The colorimetric maps of VEGFR2-targeted US signal 

intensities are overlaid onto the anatomic B-mode images. The outline of the kidney is 

shown in blue. Scale bar = 1 mm. (b) Dot plot summarizes mean VEGFR2-targeted US 

signal (in linear arbitrary units) measured in normal pancreas (n = 64; gray circles) and all 

pancreatic tumors (n = 90; red squares). Pancreatic tumors were further analyzed by tumor 

diameter—smaller than 3 mm (n = 62, blue triangles) and larger than 3 mm (n = 28, green 

diamonds). Note that the VEGFR2-targeted US signal is plotted on a log-10 scale to allow 

all the data in range to be visualized. * = P < .001, ** = P < .024.
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Figure 3. 
Images demonstrate validation of binding specificity of targeted microbubbles to VEGFR2 

in PDAC tumors in an intra-animal comparison experiment. (a) Representative transverse 

targeted US images of the body and/or tail of the pancreas show two adjacent foci of PDAC 

(small tumor outlined with yellow ROI; larger tumor outlined in green ROI), imaged 

sequentially with nontargeted microbubbles (top panel) and VEGFR2-targeted microbubbles 

(bottom panel). Note the high targeted imaging signal intensity with VEGFR2-targeted 

contrast agent and the low imaging signal intensity with the nontargeted contrast agent. (b) 
Corresponding hematoxylin-eosin (H&E)–stained sample (original magnification, ×20) 

confirms the presence of two adjacent foci of PDAC. Scale bar = 1 mm.
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Figure 4. 
Images demonstrate in vivo VEGFR2-targeted US signal (top left panel), tumor perfusion 

(bottom left panel), and ex vivo VEGFR2 expression (panels in the middle column) in (a) a 

normal pancreas, (b) a small PDAC (<3 mm group), and (c) a larger PDAC (>3 mm group). 

VEGFR2-targeted US signal intensities (green ROIs) are overlaid on anatomic B-mode 

images; the kidney is outlined in blue; scale bar = 1 mm. Corresponding perfusion images 

show different enhancement patterns in small tumors with relatively homogeneous perfusion 

in the small tumor and heterogeneous, predominantly peripheral enhancement pattern in the 

larger tumor. Confocal micrographs show VEGFR2 expression (red) and blood vessels 

(CD31, green) overlaid on the differential interference contrast bright-field image (top 

image, middle column) or VEGFR2 expression alone (bottom image, middle column). Note 
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that there is only minimal VEGFR2 expression in normal pancreas. Also note that VEGFR2 

expression is similar in small versus large tumors. Scale bar = 100 μm. Right panel shows 

hematoxylin-eosin (H&E)–stained histologic sample of the corresponding pancreatic tissue, 

confirming the presence of PDAC on b and c and normal pancreatic tissue on a. Scale bar = 

500 μm.
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Table

Summary of In Vivo VEGFR2-targeted US Signal Intensity and Ex Vivo VEGFR2 Immunofluorescence 

Intensities in WT and PDAC Mice

Parameter
Normal Pancreas in 

64 WT Mice

PDAC Mice (44 mice)

All Tumors (90 tumors 
in all locations in the 

pancreas)

Tumors Smaller Than 
3 mm in Diameter (62 

tumors)

Tumors Larger Than 3 
mm in Diameter (28 

tumors)

Age at time of scan (wk) 5.4 ± 1.3 (3.6–8.3) 6.2 ± 1.2 (3.3–8.9) 6.0 ± 1.3 (3.3–8.9) 6.7 ± 0.8 (4.7–8.8)

Tumor diameter (mm) NA 2.6 ± 1.5 (0.7–7.4) 1.8 ± 0.6 (0.7–3.0) 4.4 ± 1.2 (3.01–7.2)

VEGFR2-targeted US signal 
intensity (lau)

0.25 ± 0.25 (0.0–1.2) 6.7 ± 8.5 (0.0–57.4) 7.7 ± 9.3 (0.2–57.4) 4.6 ± 5.8 (0.0–23.0)

Percentage of peripheral 
perfusion pattern (%)

NA NA 10 (four of 38) 42 (eight of 19)

Ex vivo VEGFR2 mean 
fluorescent intensity (au)

232.9 ± 83.7 (132.9–
383.2)

499.4 ± 179.1 (197.9–
767.7)

486.1 ± 138.7 (286.5–
765.5)

526.0 ± 251.0 (197.9–
767.7)

Note.—Unless indicated otherwise, data are means ± standard deviations, with ranges in parentheses. Note that tumors of varying size were 
sometimes visualized within the same mouse. VEGFR2-targeted US signal intensity in normal pancreas compared with all pancreatic tumors 
yielded a difference of P < .001; VEGFR2-targeted US signal intensity in PDAC tumors smaller than 3 mm compared with PDAC tumors larger 
than 3 mm in diameter yielded a difference of P = .024; correlation analysis of VEGFR2-targeted US signal intensity with peripheral perfusion 
pattern for PDAC tumors smaller than 3 mm and larger than 3 mm in diameter yielded a κ value of 0.86 (95% confidence interval: 0.67, 1.00); ex 
vivo VEGFR2 immunofluorescence mean fluorescent intensity in normal pancreas compared with all PDAC tumors yielded a difference of P < .
001; ex vivo VEGFR2 immunofluorescence mean fluorescent intensity in PDAC tumors smaller than 3 mm compared with PDAC tumors larger 
than 3 mm diameter yielded a difference of P = .81. NA = not applicable
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