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Abstract
Developing new imaging agents help in the detection of breast cancer with better sensitivity and specificity and it improves the patient outcomes significantly. This provides the physicians with improved early detection of breast cancer during the routine screening process and has the potential to help the surgeons in identifying the tumor margins more accurately for surgical resection.  In this study, we evaluate the efficiency of 64Cu-bevacizumab to successfully detect the small tumors (5mm), large tumors (15mm) and metastatic sites in MDA-MB-231 breast cancer mouse models compared to 18FDG and conclude that 64Cu-bevacizumab is a promising PET (positron emission tomography) imaging agent with high possibility to be applied to human breast cancer detection, and could significantly improve patient survival.
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1. Introduction
Breast cancer is the most common malignant disease in western women [1, 2]. In US, breast cancer incidence in women is 1 in 8 (about 13 %) (www.breastcancer.org), and is the second leading cause of cancer death in women [1, 3]. In these patients, the primary tumor is not the main cause of the death but rather is due to metastases at distant sites. For new cases of breast cancer, 73 % were invasive and only 27 % were non-invasive (in situ) in 2019. Lung, liver, brain, pleura, and bone are the most common sites of breast cancer metastasis [4, 5]. Greater than 80% of patients with advanced disease have bone metastasis [2, 4]. Effective diagnostic tools are clearly needed in order to offer medical professionals useful information to control the disease. Several molecules, such as epidermal growth factor receptor 2 (ERBB2, also known as HER2/neu) [6], urokinase-type plasminogen activator (uPA) [7], and the matrix metalloproteinases (MMP1, MMP9) [8], have been discovered as a biomarkers for evaluating disease prognosis this disease. However, only imaging technology can provide an overall idea about the tumor size and metastasis distribution. Of all the imaging techniques, 18FDG PET imaging is one of the most powerful molecular imaging techniques currently available for clinical use for detection, staging, monitoring, and evaluating the prognosis of breast cancer [9]. 18FDG PET can offer whole body soft tissue and bone metastasis information simultaneously [10]. Nevertheless, 18FDG PET produces more false-negative findings for skeletal metastases than for non-osseous metastases because of the low uptake of 18FDG by bone tissue and also more false-positive findings because of the higher uptake of 18FDG by muscle, inflamed tissue, brain, heart and urinary system [11]. This study tested a new strategy in tumor detection based on angiogenesis rather other than glucose uptake in detecting in situ and metastatic breast cancer tumor.
a. Angiogenesis
Angiogenesis, the growth and formation of new blood vessels from pre-existing, nascent vasculature, is a fundamental process involved in several physiologic and pathologic situations, including the growth of tumor and metastasis [12]. In breast cancer, extensive research data implied that angiogenesis plays a very important role in its development, invasion, and metastasis [13].
b. VEGF
The increased synthesis of vascular endothelial growth factor (VEGF) is one of the most important features of tumor angiogenesis in various tumor tissues. VEGF is recognized as an essential regulator of normal and abnormal blood vessel growth [14]. Usually, the main source of VEGF is tumor cells, but tumor-associated stroma is also an important site of VEGF production, possibly in a tumor-dependent fashion [15-17]. Research showed most breast cancer cells have higher VEGF expression than normal tissues [18, 19]. Also, in breast cancer development, VEGF had been confirmed by numerous studies of its role in tumor growth, invasion, migration, metastasis [20], osteolytic bone metastasis [21] and osteoblastic bone metastasis [22], almost every important step of disease progression.
c. Bevacizumab
Bevacizumab (commercially named Avastin by Genentech, CA) is a humanized monoclonal antibody against VEGF. It binds to and neutralizes all human VEGF-A isoforms and bioactive proteolytic fragment. However, it cannot neutralize other members of VEGF gene family such as VEGF-B, VEGF-C, or VEGF-D [21]. Bevacizumab was approved by the U.S. Food and Drug Administration in 2004 for use in combination with standard chemotherapy in the treatment of metastatic colon cancer and most forms of metastatic non-small cell lung cancer [24]. It was approved for treatment of breast cancer in February 2008 [25]. Other oncological applications such as adjuvant / non-metastatic colon cancer, metastatic breast cancer, metastatic renal cell carcinoma, metastatic glioblastoma multiforme, metastatic ovarian cancer, metastatic hormone-refractory prostate cancer, and metastatic or unresectable locally advanced pancreatic cancer, were in clinical trials [26]. The terminal half-life of bevacizumab is 17-21 days [27]. 
a. 64Cu
64Cu has a half-life of 12.7 hours (+: 0.655 MeV; 19%; -: 0.573 MeV; 40%). This nuclide can be readily prepared by the cyclotron irradiation of enriched nickel-64 with 14 MeV protons [28].  It is particularly useful for small animal imaging because of the low energy of the positron emitted from the copper nucleus [29]. The positron energy of copper-64 is similar to that of fluorine-18, which gives high-resolution image. It is widely recognized as an ideal radionuclide for PET imaging of antibody trafficking [30] because the radioactive half life of 64Cu-mAb is much longer than that of 18FDG (110 min) and so the 64Cu-labele antibody can be used for monitoring the distribution and trafficking of antibody for a relatively longer period of time in vivo.  FDA has approved 64Cu as a PET imaging tracer in some clinical trials [31, 32].
This study is intended to test the capability of in situ and metastasis tumor detection of 64Cu-bevacizumab in breast cancer orthotopic and bone metastasis model. Although we have verified the prior tumor detection capability than 18FDG of this probe in several different cancer xenograft and orthotopic models from our previous work, a successful PET imaging probe to tumor detection has to be able to detect metastasis as well.
In this study, we compared the tumor detection capability between two PET imaging probe, 64Cu-DOTA-bevacizumab and 18FDG, in breast cancer orthotopic and bone metastasis models established from MDA-MB-231 cell lines. The MDA-MB-231 cell line expresses enhanced green fluorescent protein (EGFP). Therefore, we are able to confirm the tumor burden by comparing the PET images with optical EGFP images. Biodistribution and image analysis were performed to quantify the result. Immunohistochemistry (IHC) study is used to understand the distribution of tumor VEGF (human), host VEGF (mouse), and bevacizumab in tumor and hematoxylin and eosin stain (H&E stain) was also performed to locate cancer cells in the bone.

2.  Materials and Methods 
1. Radiolabeling and Quality Control
From our previous work, the reliability of the radiolabeling chemistry and the stability of the 64Cu-DOTA-bevacizumab had been verified. The detailed procedure we used for bevacizumab (Avastin, Genetech, South San Francisco, CA) radiolabeled with positron emitter 64Cu (64CuCl2 in 0.1 M HCl; radionuclide purity >99%, University of Wisconsin) were described in our previous work where Wipke and Wang’s method was applied [33]. Basically, antibodies mentioned above were conjugated with DOTA-NHS-ester (Macrocyclics, Dallas, TX) first and then radiolabeled with 64Cu. 
Conjugation. First, antibody solutions were buffer exchanged with PBS using YM-30 Centricon® centrifugal filters (Millipore, Billerica, MA). For conjugation, antibodies were reacted with DOTA-NHS-ester in 0.1 M Na2HPO4 buffer of pH 7.5 at 4°C for 12 - 16 h in a molar ratio of DOTA-NHS-ester: antibody = 100: 1. After conjugation, the reaction mixture was centrifuged repeatedly (5 times) through a YM-30 Centricon® centrifugal filters again with 0.1M pH 6.5 ammonium citrate buffer in order to remove unconjugated small molecules. The concentrations of purified antibody-conjugate were determined by measuring the absorbance at 280 nm of a UV spectrophotometer (Eppendorf, Westbury, NY). 
Labeling. When labeling with 64Cu, 1 mg DOTA-conjugated antibody and 5 mCi (185 MBq) of 64Cu were incubated in pH 6.5, 0.1 M ammonium citrate at 43°C for 45 minutes to 1 hour. Labeled mAbs were separated by a size-exclusion column (Bio-Spin6, BIO-RAD Laboratories).
2. Development of Tumor Model
Cell Culture
Highly metastatic EGFP-expressing MDA-MB-231 cells [19] were cultured and maintained in DMEM with 10% fetal bovine serum at 37°C in an incubator with 5% CO2. 
Orthotopic Model
Female athymic nude mice (Harlan Sprague Dawley Inc., Indianapolis, IN) at 4-5 weeks age were used for EGFP-expressing orthotopic model (n = 5). Each mouse was inoculated with 106 EGFP-expressing MDA-MB-231 cells in 100 µL phosphate buffered saline (PBS) into the inguinal mammary fat pad by using a 27-gauge needle attached to a 1-mL syringe. The tumor production rate in our lab using this method is nearly 100%.
Bone Metastasis Model 
An intracardiac injection model for experimental bone metastasis was used in this study, as previously described [34, 35]. Female athymic nude mice (Harlan Sprague Dawley Inc., Indianapolis, IN) at 4-5 weeks age were used for this model (n = 5). Briefly, the EGFP-expressing MDA-MB-231 cells were harvested from subconfluent cultures. After harvesting, 105 cells in 100 µL PBS were injected into the left cardiac ventricle of anesthetized mice with 27-gauge needle attached to a 1-mL syringe using a micromanipulator. The successful injections were indicated by the pumping of red blood into the syringe. Ketamine (33ug/gram of mice) and Xylazine (4ug/gram of mice) cocktail were used as the mice anesthetic during tumor inoculation.
The animals were fed and housed following the protocol for the nude mice living environment at the animal facility at UT Health San Antonio, and were checked every other day after the tumor cell inoculation. 
3. Imaging Method
a) Overall details of micro PET and micro CT acquisition
All the mice were anesthetized with 2-3 % isoflurane in 100% oxygen during injection and scanning. Gamma Medica-Ideas FLEX preclinical system (Gamma Medica-Ideas Inc, Northridge, CA) was used for micro PET/CT acquisition. With the whole mouse within the field of view, micro CT image were acquired before each PET scan using fly mode to acquire quality image and decrease radiation dose to the mice (75 kV, 185 μA). All the PET image sets acquired (64Cu and 18FDG) were normalized to the highest pixel value of itself in order to parallel compare the tumor detection of these two probes. The images were reconstructed by using the software offered from Gamma Medica-Ideas Inc and were fused by Amira based software VIVID (Gamma Medica-Ideas Inc, Northridge, CA). The formula we used for normalization of each image set is shown below.


b) Comparison between 64Cu-bevacizumab and 18FDG in tumor detection in orthotopic model
Female athymic nude mice (n = 5) bearing EGFP-expressing MDA-MB-231 tumors were used for comparing the capability of in situ tumor detection between 64Cu-bevacizumab and 18FDG. 64Cu-bevacizumab and 18FDG were injected into the same mouse in order to parallel compare their effect. Tumor bearing mice in orthotopic group were scanned twice for different study purposes. First scan were performed when the longest axis of tumors achieved to 3-4 mm (approximately 10 days after implantation) for early tumor detection study. Later, when the longest axis of tumors grew up to ~15mm, another scan was performed to test the capability in detecting tumor at a larger size. 
18FDG and 64Cu-bevacizumab were injected intravenously via a lateral tail vein into tumor bearing mice. 18FDG was injected into the same mouse 24 hours before the 64Cu-bevacizumab administration. This design not only offers enough time (>10 half-lives) for 18FDG to decay to background prior to 64Cu-bevacizumab image acquisition, but also will not cause significant change in size for MDA-MB-231 tumors. Therefore, we can parallelly compare the tumor detection ability of these two agents in the same mouse. While scanning, all mice were supine on the bed of the scanner. 
18FDG PET imaging. 
Mice were fasted overnight before the scan was performed to increase contrast. Animals were kept warm by using heating pad and a thermal lamp for at least one hour before 18FDG injection and last until the scan was performed. This was to reduce the uptake in the brown fat and muscle. 18FDG images were acquired in static PET imaging mode for 10 minutes at the time point of 1 h p.i. The administrating dose of 18FDG is 200µCi in a 200 µl volume. 
64Cu-bevacizumab PET imaging.
64Cu-bevacizumab was injected at the dose of 200µCi/40µg mAb in 200 µl saline. No special care such as fasting and heating was required. Mice from each group were scanned at 1, 4, 24, and 48 h p.i. in static PET imaging mode for 10, 10, 15, and 20 minutes, respectively.
Optical imaging 
Tumor growths in orthotopic models were also monitored by green florescent imaging using a Nikon SMZ1500 (Nikon, Tokyo, Japan) fluorescence stereoscope attached to a CoolSNAP CCD camera (Photometrics, Tucson, AZ) in order to confirm and compare the tumor location and metastatic sites findings on micro PET images.
c) Comparison between 64Cu-bevacizumab and 18FDG in tumor detection in bone metastasis model 
The experiment method was same as the details mentioned for orthotopic model except the mice were prone on the bed of the scanner.
4. Biodistribution Study
Animals were sacrificed right after the 44-hour post-injection images were acquired. Blood was collected, and tumors and 13 other unaffected organs and tissues were harvested and weighed. After blood sample had been collected from the heart (~500-1000μl), 10 ml of saline was injected into left ventricle when heart was still beating to flush out the residual blood in the tumor and organs. For metastatic model, all tumors found after dissecting of each mouse were collected into the same vial for measurement. Radioactivity in each tissue (cpm) was measured by using the γ-scintillation counter (Wallac-PerkinElmer, Waltham, MA). Percentages of the injected dose/gram (%ID/g) were calculated for each tissue/ organ by the following formula.
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5. Image Analysis
For orthotopic model, tumor-tissue contrasts in PET images were estimated to distinguish the difference between 18FDG and 64Cu-DOTA-bevacizumab. The whole tumor was chosen by drawing regions-of-interest (ROI) along the edge of the tumors in all slices that tumor appeared. Three tissues other than tumor were also chosen as tissue-of-interest for estimating 3 tumor/ tissue contrasts. Tissues of interest are abdomen, muscle, and the organ close to the orthotopic region (lung) to each mouse. Average pixel values of each tumor were also acquired by drawing regions-of-interest (ROI) along the edge of the tumors. In the same slice, average pixel values of three tissue-of-interest were obtained by drawing ROIs in correspondent position. ROIs of muscles were acquired on the contralateral thigh of tumor. The images were analyzed by using VIVIDTM and the formula we used to calculate the contrast is listed below.         


Student’s t-test was conducted to the results between different groups. P<0.05 is considered statistically significant.
6. Immunochemistry
After 44 h p.i., the tumor harvested from mice injected with 64Cu-bevacizumab was fixed in 10% formalin, paraffin-embedded, sectioned, and sent to pathology department for IHC in order to verify the distribution of hVEGF, mVEGF, and the localization of bevacizumab. Antibody we used to locate hVEGF was bevacizumab itself and anti-mVEGF antibody was from R&D systems. (Cat. #: AF-493-NA, Minneapolis, MN) was applied. Anti-human IgG (Cat. #: ab6759, Abcam, Cambridge, MA) were used to locate the tracer, 64Cu-bevacizumab. For metastasis model, the bone metastatic lesions confirmed by green florescent imaging and 64Cu-bevacizumab PET imaging were collected. The bone lesions were fixed in 10 % formalin for 24 h, then decalcified in 10 % EDTA, paraffin-embedded, and sent to pathology for IHC and H&E stain to verify the distribution of cancer cells, human VEGF, mouse VEGF and bevacizumab by using the antibodies mentioned above.

3. Results
1. Radiolabeling and Quality Control
The radiolabeling of bevacizumab was successfully carried out in our lab by conjugation method we developed, followed by addition of 64Cu [34]. The 64Cu-labeling yield was ~85%. This method gave a radiochemical purity of >92% (FPLC). The serum challenge studies demonstrated that 85% of radiolabeled antibody was still intact, even at 24 hours.
2. 64Cu-bevacizumab PET Imaging in Tumor Detection Compared to 18FDG 
According to the imaging results, 64Cu-bevacizumab showed promising capability of tumor detection than 18FDG start from 20h p.i. and achieving very satisfying result at 44h p.i. In orthotopic model, 64Cu-bevacizumab successfully detected all tumors of both small size (~5mm) (Figure 1 (A)) and large size (~15mm) (Figure 1 (B)). 
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Figure 1. Comparisons of images in tumor detection between 18FDG and 64Cu-bevacizumab in the same mouse of MDA-MB-231 orthotopic model. 
The study groups shown here are (A) orthotopic models with small tumor. The long axis of tumor is ~5 mm. This is the group to test early tumor detection. (B) Orthotopic model with large tumor. The long axis of the tumor is ~18 mm. All the PET images were normalized to the highest pixel value in its data set. The percentage value of a specific organ could be determined by comparing the color of the tissue with the corresponding color bar. The images of each column from the left to the right are, first, the isosurface rendered microCT images (A)/ optical EGFP image (B) to illustrate the position of the tumors; second, the 18FDG microPET/CT fused images; third, 18FDG microPET images only; fourth, 64Cu-bevacizumab microPET/CT fused images; and fifth, 64Cu-bevacizumab microPET images only, respectively. All the 18FDG images were acquired at 1h p.i. when all the 64Cu-bevacizumab images were acquired at 44h p.i. If the tumor showed in the image, it is marked by the arrows.
 

However, 18FDG imaging failed in detecting small tumors and also failed or offered ambiguous signal in large tumor detection. Based on the normalized images, for 64Cu-bevacizumab, the average pixel value at the tumor site was >75% of the highest pixel value for both small and large size of tumors. For 18FDG imaging, the pixel value is nearly background for small tumors and <30% for large tumors. These quantified data verified the visual difference we noticed from the image. 64Cu-bevacizumab imaging also offered fewer non-tumor related findings (cleaner background) than 18FDG. Liver was the other organ with high accumulation. The conventional high 18FDG accumulated organs or tissues such as brain, heart, muscle, kidneys, bladder were not shown in the 64Cu-bevacizumab imaging. 64Cu-bevacizumab showed clear contour of tumors in the images.
In metastasis model, 64Cu-bevacizumab showed similar promising results as in orthotopic model by confirming the tumors from optical imaging and by H&E staining results. We successfully located the bone metastatic sites at jaws, scapulas, shoulders, knees, and solid tumor behind the neck (Figure 2, 3, 4, and 5).
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Figure 2. Comparisons of images in tumor detection between 18FDG and 64Cu-bevacizumab in the same mouse of MDA-MB-231 bone metastasis model (Mouse BM-1). 
The images shown in this figure were all from one mouse of bone metastasis group (Mouse BM-1). (A) The images of each column from the left to the right are, first, optical EGFP image to illustrate the position of the tumors; second, the 18FDG microPET/CT fused images; third, 18FDG microPET images only; fourth, 64Cu-bevacizumab microPET/CT fused images; and fifth, 64Cu-bevacizumab microPET images only, respectively. Bone metastatic lesions at left jaw, left and right scapula, and right should (humerus) can been diagnosed on 64Cu-bevacizumab PET images but not on 18FDG. 64Cu-bevacizumab PET images also revealed more metastatic sites than the optical image at the very right. (B) Left, the 64Cu-bevacizumab PET image compared with PET/CT fused tomographic image (right). The fused tomographic image clearly showed the location of the lesions. All the PET images were normalized to the highest pixel value in its data set. The percentage value of a specific organ could be determined by comparing the color of the tissue with the corresponding color bar. All the 18FDG images were acquired at 1h p.i. when all the 64Cu-bevacizumab images were acquired at 44h p.i. If the tumor showed in the image, it is marked by the arrows.
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Figure 3. Details of 64Cu-bevacizmab in bone metastasis model (Mouse BM-1).
(A) Left, micro CT/PET fused 64Cu-bevacizumab tomographic image which clearly revealed the lesion at left mandible. Right, micro CT isosurface rendered image of the skull viewed from the front. It showed osteolytic bone metastasis in left mandible (the eroded area) by comparing with right side. (B) The micro CT isosurface rendered image of the skull from the view of both sides. Clear bone erosion can be seen at the left mandible by comparing with right side. (C) Projective (left) and isosurface rendered (middle) micro CT imaging showed clear osteolytic metastasis at both shoulders and scapulas. 64Cu-bevacizumab microCT/PET image revealed the lesions at correspondent locations (right). All the images in this figure were from the same mouse, Mouse BM-1. All 64Cu-bevacizumab images were acquired at 44h p.i. If the tumor showed in the image, it is marked by the arrows.
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Figure 4. Comparisons of images in tumor detection between 18FDG and 64Cu-bevacizumab in the same mouse of MDA-MB-231 bone metastasis model (Mouse BM-2). 
The images shown in this figure were all from another mouse of bone metastasis group (Mouse BM-2). (A) The images of each column from the left to the right are, first, optical EGFP image to illustrate the position of the tumors; second, the 18FDG microPET/CT fused images; third, 18FDG microPET images only; fourth, 64Cu-bevacizumab microPET/CT fused images; and fifth, 64Cu-bevacizumab microPET images only, respectively. Bone metastatic lesions at right jaw, right knee, and a non-osseous lesion at posterior neck can been diagnosed on 64Cu-bevacizumab PET images. 18FDG clearly detected the non-osseous lesion at posterior neck as well, but not those osseous lesions. 64Cu-bevacizumab PET images also revealed more metastatic sites than the optical image at the very right. (B) Lateral view of 18FDG image to clearly see the non-osseous lesion at posterior neck (arrow). The other high 18FDG uptake findings around it are brown fat and heart. CT/PET fused image is shown at left; right one is PET image only. (C) Left, CT/PET 64Cu-bevacizmab image of the non-osseous lesion at posterior neck. The dashed line is location the tomographic image was taken. Right, CT/PET fused 64Cu-bevacizumab tomographic image which clearly revealed the lesion at posterior neck. All the PET images were normalized to the highest pixel value in its data set. The percentage value of a specific organ could be determined by comparing the color of the tissue with the corresponding color bar. All the 18FDG images were acquired at 1h p.i. when all the 64Cu-bevacizumab images were acquired at 44h p.i. If the tumor showed in the image, it is marked by the arrows.
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Figure 5. Details of 64Cu-bevacizmab in bone metastasis model (Mouse BM-2).
(A) Left, micro CT/PET fused 64Cu-bevacizumab image which clearly revealed the lesion at right mandible. Right, micro CT isosurface rendered image of the skull viewed from the front. It showed a distinct osteolytic bone metastasis in right mandible (the eroded area) by comparing with left side. (B) micro-CT/PET fused 64Cu-bevacizumab tomographic image which clearly revealed the location of the lesion at right mandible. The micro CT isosurface rendered image of the skull from the view of both sides. Clear bone erosion can be seen at the right mandible by comparing with left side. (C) Left, a osteolytic area can be seen on the projective micro CT imaging of right lower limb. Right, 64Cu-bevacizumab microCT/PET image revealed the lesions at correspondent locations (right). All the images in this figure were from the same mouse, Mouse BM-1. All 64Cu-bevacizumab images were acquired at 44h p.i. If the tumor showed in the image, it is marked by the arrows.


Some findings showed on 64Cu-bevacizumab PET images could not even be detected on optical images but H&E stain confirmed the existence of cancer cells. This showed the great sensitivity of this probe in metastasis detection. 18FDG failed in detecting most of the lesions, but successfully detected one soft tissue tumor behind the neck. (Figure 4, (B)). In bone metastasis group, the background signals are noisier than 
other xenograft and orthotopic models we have investigated. This may be because there are multiple micro-metastatic sites are developing.
3. 
4. Biodistribution of 64Cu-bevacizumab
The biodistribution results of orthotopic and bone metastasis model is shown in Figure 6. 
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Figure 6. Biodistribution results. 
The biodistribution of 64Cu-bevacizumab in MDA-MB-231 orthotopic and bone metastasis models at 44h post injection. Data presented in format of %ID/g ± SD.
 


Tumors have the highest %ID/g within all the tissue we collected. The reproductive system (uterus and ovary) are high accumulation organs in the mice. This may be because VEGF is highly expressed in these organs. Other organs with high uptake are liver and spleen. Tumor uptake is ~6 times higher than muscle. In metastatic model, tumors are the tissue with the highest uptake besides blood and all the other organs has similar uptake as orthotopic group.
5. Tumor-tissue Contrast of 64Cu-bevacizumab and 18FDG
The contrast of tumor-muscle, tumor-Abdoman, and tumor-Lung obtained by analyzing 64Cu-bevacizumab image in orthotopic model is 8.29 ± 3.56, 3.81 ± 0.99, and 1.79 ± 0.59, respectively. Same contrast offered by 18FDG image is -0.3±0.21, 0.25 ± 0.35, and0.34 ±0.33, respectively. 
6. Immunochemistry
The histology study verified the presence of VEGF in both MDA-MB-231 orthotopic and metastatic tumors.

4. Discussion
Breast cancer is one of the most frequent cancers and one of the primary causes of death due to malignancy in western women [1]. Within all diagnostic methods, imaging technology is still the most powerful and most efficient way to locate both primary and metastatic tumors and stage the disease. This project is not only to verify 64Cu-bevacizumab can offer better detection in locating primary, soft tissue metastasis, and bone metastasis in breast cancer than 18FDG, but also prove the concept of that targeting VEGF is a reasonable strategy in detecting metastasis in other type of cancers since VEGF played a significant role in tumor metastasis to most of cancer types.  
Imaging modalities, which are commonly used to detect breast cancer are ultrasound (US), mammography, plain radiology (XR), computed tomography (CT), magnetic resonance imaging (MRI), skeletal scintigraphy (SS), single photon emission computed tomography (SPECT), and positron emission tomography (PET). Each modality has its own pros and cons because of its intrinsic limit. Briefly, US and mammography can only be used to detect soft tissue tumors in limited area. XR is mainly used for detecting osteolytic lesions resulting from bone metastasis. However, bone metastasis can only be detected when at least 30-75% normal mineral content is lost [10], and this means the metastatic lesion may not appear on XR for at least several months. CT is generally considered to be highly sensitive in tumor detection. Metastasis in soft tissue such as brain, lung, liver, and lymph nodes can usually be accurately detected. CT can detect metastases in the bone marrow before bone destruction becomes evident [37]. Yet, high radiation dose, relatively high cost, and the ability to scan only limited anatomic areas at a time are primary disadvantages of this technology [10]. Hence, CT is not yet suitable for whole-body screening purposes. MRI offers higher contrast resolution than CT for visualizing tumors in soft tissue, bone marrow, and vertebral and spinal cord compression [10]. However, MRI cannot be used for detecting the destruction of bone structure because cortical bone does not produce signals for MRI. High cost and limited scan region also make MRI an unlikely whole-body screening tool. SS is the most common means to detect bone metastasis [38], but it is more sensitive for osteoblastic lesions than for osteolytic lesions which accounts for about 85% of breast cancer bone metastasis [39, 40]. SPECT uses the same radionuclide markers as does SS [41]. Although SPECT is more sensitive and offers better contrast resolution than SS, it still is not good in detecting osteolytic lesions. 18FDG PET imaging can be used for whole-body scanning to detect metastases in both soft tissue and bone. It offers satisfying sensitivity in detecting occult primary breast lesions, and metastasis in axillary lymph node and other organs. Because of low uptake of 18FDG by bone, 18FDG PET imaging produces more false-negative findings for skeletal metastases than for nonosseous metastases [10]. Studies also suggest that 18FDG PET imaging is more sensitive in detecting osteolytic than osteoblastic metastasis [10]. On the other hand, organs or tissues with higher uptake of 18FDG such as muscle, inflammation tissue, brain, heart, and urinary system, will result in false-positive findings [39]. Nevertheless, 18FDG PET imaging is still the most effective whole-body screening tool for detecting and staging breast cancer.  
Solid evidence shows angiogenesis and VEGF play an important role in both local tumor growth and distant metastasis in breast cancer, including bone and soft tissues [13]. This appears to be the case in many forms of breast cancer, including invasive/noninvasive, lymph node - / lymph node +, inflammatory breast cancer, and metastatic breast cancer [42-46]. Higher expression of VEGF in breast cancer cells than in surrounding normal tissues has been verified [48]. Within all the pro-angiogenic factors, VEGF appears to be the only factor expressed throughout the entire life cycle of a breast tumor [49]. Weigand and colleagues demonstrated that VEGFR-2 is functional on the surface of breast cancer cells which can be stimulated by VEGF [50]. This finding indicated the presence of an autocrine signaling loop distinct from the angiogenesis and it may be related to tumor cell growth or prevents tumor cells from starting apoptosis. Breast cancer metastatic process includes detachment, intravasation and extravasation from circulation, migration, attachment, and angiogenesis at distant site. VEGF has verified roles in each of these steps. MMPs family and uPA plays an important role in ECM degradation which is a significant step in the detachment and attachment of tumor cells. VEGF induces the expression of MMPs and uPA [51, 52]. VEGF can strongly increase the permeability of the blood vessel and this increased permeability helps the intravasation and extravasation of tumor cells from circulation [19]. In brain metastasis, VEGF modulates the migration of cancer cells through the blood-brain barrier (BBB) by regulating the brain microvascular endothelial cell permeability [19]. Osteoblasts are the cells which play a dominant role in osteoblastic bone metastasis. Research shows osteoblasts produce VEGF in order to start this progress [22, 53]. On the other hand, in osteolytic bone metastasis, the primary bone metastatic type in breast cancer, tumor cells release VEGF to interact with monocytes, the precursors of osteoclasts, to induce differentiation into osteoclasts [21]. These facts make VEGF an ideal target for primary and metastasis tumor detection and our imaging results prove it.

Confirmed by EGFP imaging, our results showed 64Cu-bevacizumab not only successfully detected all the tumors in orthotopic model, both in small and large size, but also most of metastasis sites in our metastasis model. One of the mice in orthotopic group was found to have metastasis in peritoneum from 64Cu-bevacizumab PET imaging, and this finding was verified by optical imaging and observed during dissection (Figure 7). 
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Figure 7. 64Cu-bevacizmab image in MDA-MB-231 orthotopic model with peritoneum metastasis.
(A) A mouse in orthotopic models with peritoneum metastasis. The metastatic lesions and the primary tumor can be clearly seen on optical image (right) and 64Cu-bevacizumab PET image. 18FDG showed blurry shadows in metastatic sites but no signals for primary tumor. The long axis of primary tumor is ~12mm. All the PET images were normalized to the highest pixel value in its data set. The percentage value of a specific organ could be determined by comparing the color of the tissue with the corresponding color bar. The images of each column from the left to the right are, first, the optical EGFP image to illustrate the position of the tumors; second, the 18FDG microPET/CT fused images; third, 18FDG microPET images only; fourth, 64Cu-bevacizumab microPET/CT fused images; and fifth, 64Cu-bevacizumab microPET images only, respectively. All the 18FDG images were acquired at 1h p.i. when all the 64Cu-bevacizumab images were acquired at 44h p.i. If the primary tumor showed in the image, it is marked by the arrows. (B) The PET/CT fused tomographic images from different view. The upper raw is the PET/CT fused whole body image to reveal the position the tomographic image were taken (white dashed line). The lower row is tomographic image of different plane. Arrows showed where the primary was. The bright spots spread out in the abdomen area are the peritoneum metastatic lesions. 





This observation suggested 64Cu-bevacizumab may be useful for detecting peritoneal metastasis which is difficult to be detected by 18FDG. However, further studies are needed for this hypothesis. 18FDG imaging failed to detect most of the tumors in orthotopic and metastasis models, and these images had numerous strong non-tumor related lesions (false-positive). 64Cu-bevacizumab offered much fewer non-tumor related background than 18FDG. Typical “hot spots” in 64Cu-bevacizumab mouse image were heart, liver and spleen. According to the biodistribution data, blood is the tissue with highest %ID/g, followed by tumor, spleen, liver and reproductive system by order. We believe high %ID/g in blood is because bevacizumab has a relatively long half-life (19~21 days) compared to other antibodies. This could explain why the heart uptake is not that significant after we removed the blood when we perform biodistribution study since it is high accumulation site on image. High accumulation in liver was because the antibody metabolism and it may lead to a question if a tumor in the liver could be detected. Study using 111In-bevacizumab to imaging liver metastases of colorectal cancer patients showed acceptable contrast still achievable even when located in the liver [54]. Reproductive system had relatively high %ID/g is because VEGF is expressed in ovary and uterus, especially during menstrual cycle [13].
The contours of the primary tumors in 64Cu-bevacizumab image are clear. This characteristic could help physicians decide the size of tumor and may be able to help the radiation oncologist decide the CTV (clinical treatment volume) if this imaging probe could be applied clinically in the future.
There are only two physiological angiogenesis processes in adults, wound healing and female menstrual cycle. All others are pathologically related, such as cancer, vascular malformations, psoriasis (skin), diabetic retinopathy (eye), and arthritis (joint) [55]. Most of the diseases relative to excessive angiogenesis could be easily distinguished from solid tumor. However, this characteristic may cause difficulties in detecting metastases in female reproduction system. As well as in detecting bone metastases in arthritis sites. False-positive findings may appear under these conditions. 64Cu-bevacizumab should have advantage in detection compared with 18FDG in detecting metastatic brain tumor because of the lower uptake of 64Cu-bevacizumab compared to 18FDG in brain cells. Argument may be raised that if 64Cu-bevacizumab can penetrate BBB or not. However, for metastatic tumor in brain, the BBB at the tumor site should have been destroyed during the invasion of tumor cells. Therefore, bevacizumab should not be blocked by BBB. Yet, more studies are needed for these conditions. A previous study from our group also reveals that this probe can successfully detect the metastasis in brain [56].
Bevacizumab is a FDA approved drug and has been widely investigated. 64Cu is approved by FDA in some clinical trials for human imaging. Therefore, this new imaging agent has much higher possibility than other new probes to be applied to humans faster. PET offers many advantages over other imaging modalities especially in whole-body screening. The translation of promising new tracers to clinical applications can be facilitated because of the known safety issues of this probe and the popularity of clinical PET and PET/CT.
Several previous studies have shown the image intensity can be correlated to VEGF-A expression[57, 58].Tumor-to-tissue contrast values obtained by analyzing PET imaging are identical to the values assessed by γ-counting of excised samples. These results showed it is possible to use PET for quantification studies of this drug in the future to distinguish benign and malignant lesions, and correlated with prognosis. It is also possible to use this as an angiogenesis marker to evaluate the responses of therapy.

5. Conclusion
[bookmark: _Hlk75076410][bookmark: _Hlk75076744]64Cu-bevacizumab successfully detected the small tumors (5mm), large tumors (15mm) and metastatic sites in MDA-MB-231 breast cancer mouse models whereas 18FDG failed to detect most these lesions. At 44h p.i., 64Cu-bevacizumab offered fewer non-tumor related false positive findings and sufficient contrast differences for detecting in situ and metastatic tumor compared with 18FDG. We demonstrated the promise of a pre-clinical tumor detection probe, which has high possibility to be applied to human breast cancer detection and other cancers as well.
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