
Abstract. Background/Aim: Angiogenesis imaging has been a 
valuable complement to metabolic imaging with 2-deoxy-2-
[18F]fluoroglucose (FDG). In our longitudinal study, we 
investigated the tumour heterogeneity and the relationship 
between FDG and [68Ga]Ga-NODAGA-c(RGDfK)2 (RGD) 
accumulation in breast cancer xenografts. Materials and 
Methods: Two groups of cell lines, a fast-growing (4T1) and a 
slow-growing cell line (MDA-MB-HER2+), were inoculated into 
SCID mice. RGD and FDG scans were performed in all mice on 
separate days at four time points. Assessment of tumour uptake 
based on positron emission tomography/magnetic resonance 
imaging images was performed using tumour/muscle ratios with 
the Muscle-Spacing Correction Method to minimize the partial 
volume effect of the urinary bladder. Results: In the 4T1 group, 
both radiopharmaceuticals visualized the highly heterogeneous 
structure of the tumours and showed correlations with tumour 
growth. Relative linear correlations between FDG and RGD 
tumour/muscle ratios were observed in all tumours, evident in 

both high and low-activity areas of 4T1 tumours. When 
comparing the two groups of different cell lines, SUV ratios 
in the 4T1 group were higher, especially with [18F]F-FDG. 
Our findings highlight the correlations between FDG and 
RGD, particularly in aggressive breast cancer. Conclusion: 
This preliminary study supports the combined use of FDG 
and RGD PET imaging to better characterize tumor 
heterogeneity and aggressiveness in breast cancer. The 
observed correlation between FDG and RGD uptake offers 
insights into the metabolic and vascular behavior of different 
cancer subtypes, highlighting distinct patterns in 4T1 and 
MDA-MB-HER2+ lines. This dual-tracer approach shows 
promise for tailoring therapies based on tumor subtype, 
though further studies with larger samples are needed to 
validate these initial findings. 
 
The rapid development of positron emission tomography (PET) 
imaging provides an opportunity to investigate the heterogeneity 
of both inter-tumor and intra-tumor characteristics, particularly 
in conjunction with high-resolution anatomical references from 
computed tomography (CT) or magnetic resonance imaging 
(MRI) images. These hybrid modalities have already 
demonstrated their clinical utility through routine [18F]F-FDG 
(2-deoxy-2-[18F]fluoroglucose) (FDG) scans for cancer staging 
or follow-up and have become an essential aspect of cancer 
management. 

In general, an elevated FDG uptake is indicative of more 
active or aggressive cancers and consequently have worse 
prognosis (1). However, FDG uptake is dependent on many 
complex molecular mechanisms that involve both cancer 
cells and their microenvironment. These include processes, 
such as tumor cell metabolism, vascularization, and 
supporting stromal cell activity (2). 
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Angiogenesis is well-known to play a vital role in disease 
progression. The process involves the production of new blood 
vessels through endothelial proliferation, which is a cellular 
activity driven by various signaling factors arising from tumor 
cells and their surrounding microenvironment. Via these newly 
formed blood vessels, angiogenesis directly facilitates tumor 
growth and enhances the invasive capabilities of tumor cells (3). 

Recently, many anti-angiogenic therapies have demonstrated 
the ability to inhibit tumor growth, invasion, and metastasis (4). 
A key component in this process is integrin αvβ3 which 
significantly contributes to tumor progression, particularly in 
promoting angiogenesis. Consequently, targeting αvβ3 has 
emerged as an attractive strategy for anti-angiogenic therapy. 
While many peptide-based agents targeting αvβ3 have shown 
limited effectiveness due to partial agonist effects and changes 
in affinity of the receptors, various alternative strategies 
including allosteric modulators or pure antagonists have been 
developed to enhance the efficacy of αvβ3-targeted treatments. 
These innovative approaches have demonstrated promising 
results and are being translated into clinical studies (5). 
Moreover, integrin αvβ3 up-regulates PD-L1 expression in the 
tumor microenvironment, indicating that its inhibition could 
facilitate the checkpoint inhibitors therapy (6, 7). Additionally, 
due to its angiogenic effects at low doses, integrin αvβ3 therapy 

has been shown to enhance chemotherapy delivery and efficacy 
in preclinical tumor-bearing models (8).  

Nevertheless, targeting αvβ3 for in vivo angiogenesis 
imaging is another promising approach being studied. Assessing 
cancer angiogenesis could be beneficial before initiating anti-
angiogenic therapy and follow-up treatments. By integrating 
angiogenesis imaging with FDG PET, we can gain valuable 
insights into the intricate relationship between cancer 
metabolism and angiogenesis in various cancer types. 
Numerous radiopharmaceuticals have been developed due to the 
over-expression of this heterodimeric integrin on the surface of 
tumour endothelial cells (9). Arginine-glycine-aspartic acid 
(RGD)-based radiopharmaceuticals, particularly cyclic 
pentapeptides like RGDfK, have demonstrated high specificity 
for visualizing αvβ3. Polymerizing these peptides, especially in 
a dimeric form, has yielded promising and consistent results 
(10). Therefore, in our study, we selected [68Ga]Ga-NODAGA-
c(RGDfK)2 (RGD) as the radiopharmaceutical of choice for 
targeting cancer angiogenesis. 

Thanks to the relatively short biological and physical half-
lives of [18F]F-FDG and [68Ga]-c(RGDfK)2 (T1/2

18F=109.7 
minutes, T1/2

68Ga=68 minutes) (11), we were able to 
perform a longitudinal study using dual radiopharmaceuticals 
to closely monitor tumour progression.  
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Figure 1. Timeline of the study including cell culturing, tumor inoculation, and scanning time of the fast-growing cell line 4T1 (upper) and of the 
slow-growing cell line MDA-MB-HER2+ (lower).



In this study, we investigated the relationship between the 
tumour over muscle ratios of [68Ga]Ga-NODAGA-
c(RGDfK)2 and [18F]F-FDG of the xenograft and their 
relationship with tumour growth. Changes in activity over 
time were investigated in two different cell lines inoculated in 
preclinical models: 4T1, a fast-growing triple-negative murine 
breast cancer cell line; and a slow-growing MDA-MB-HER2+ 
(HER2-positive) human breast cancer cell line. These 
represent the most aggressive breast cancer subtypes with the 
worst long-term overall survival rate under conventional 
therapies (12). Additionally, tumour heterogeneity within the 
fast-growing 4T1 tumour was assessed. 

 
Materials and Methods 
 
Radiopharmaceuticals. NODAGA-c(RGDfK)2 was obtained from 
ABX (Radeberg, Germany). Ultrapure HCl, NH4OAc buffer and 
water were purchased from Merck KGaA (Darmstadt, Germany). 
Oasis HLB 1 cc cartridge was the product of Waters Corporation 
(Milford, MA, USA). All other reagents and solvents were obtained 
from Sigma-Aldrich Ltd. (Budapest, Hungary) and were of analytical 
grade. They were used without further purification in all cases. 

[18F]F-FDG was produced following the Good Manufacturing 
Practice (GMP) standards for its clinical use in PET imaging. 
[18F]F-FDG production was performed in the radiochemical 
laboratory of the Division of Nuclear Medicine and Translational 
Imaging, Department of Medical Imaging, Faculty of Medicine, 
University of Debrecen (Debrecen, Hungary). 

Cyclotron produced 68Ga (Division of Nuclear Medicine and 
Translational Imaging, Department of Medical Imaging, University 
of Debrecen, Hungary) was used for radiolabeling NODAGA-
c(RGDfK)2. After fractional elution, 0.5 ml eluate was buffered with 
0.5 ml (3 mol/dm3) ultrapure ammonium acetate to adjust the pH  
of the reaction mixture to 4-4.1 for each compound. A 10 μl  
(3 mmol/dm3) NODAGA-RGD dimer acetate aq. solution was 
added, and the reaction solution was incubated for 15 min at 95˚C. 
Then, solid-phase extraction (SPE – Waters Oasis HLB cartridge; 30 
mg) was required to trap the radiopeptide. The radiolabeled peptide 
([68Ga]Ga-NODAGA-c(RGDfK)2) was elutable from the HLB 
column with 0.1 ml of isotonic NaCl solution/EtOH 1:1 mixture. 
[68Ga]Ga-NODAGA-c(RGDfK)2 was produced with a high specific 
activity (15.7±0.17 GBq/μmol) and a good radiochemical purity 
(>95%), in all cases. Quality control of the radiolabeled NODAGA-
c(RGDfK)2 was performed with thin-layer chromatography and 
citrate buffer was used as an eluent (0.1 mol/dm3; pH=5.5). 

 
Cell lines and preclinical models. Cell lines were generously 
provided by Dr. György Vereb (Department of Biophysics and Cell 
Biology, University of Debrecen). They were cultured at 37˚C with 
5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM, GIBCO, 
Life Technologies Magyarország Ltd., Budapest, Hungary), 
supplemented with 10% fetal bovine serum (FBS) (10%, heat-
inactivated FBS from GIBCO, Life technologies) and 1% antibiotic-
antimycotic solution (1%, Sigma-Aldrich, Merck KGaA, Darmstadt, 
Germany). Monolayer cultures were passaged three times a week. 

Female CB17 SCID mice, weighing 21.68±2.74 g and between 
ages of 12 to 16 weeks, were divided into two groups: one group of 
mice (n=2, limited number of sample due to the death of mice 
during the protocol) was inoculated with a fast-growing cell line 

(4T1), whereas the other group (n=3) received a slow-growing 
tumor cell line (MDA-MB-HER2+). Ethical approval for the animal 
research was obtained from the Ethical Committee for Animal 
Research at the University of Debrecen, Hungary, under permission 
number 8/2016/DEMÁB. Compliance with all relevant Hungarian 
laws and European Union animal welfare guidelines, following the 
“4R” principles (reduce, refine, replace, and responsibility), was 
ensured in animal handling. 

4T1 cells and MDA-MB-HER2+ cells were injected into the fat 
pad of the inguinal breast at a concentration of 5×106 cells in saline 
(150 μl 0.9% NaCl) to achieve optimal xenograft growth (13). For 
a complete xenograft establishment, imaging was started two days 
after tumor onset (when tumors were first detected and palpable): 7 
days and 20 days after inoculation of 4T1 (14) and MDA-MB-
HER2+ cell lines, respectively (Figure 1).  

 
In vivo experimental protocol. Both the groups received FDG and 
RGD four times on separate days. In the 4T1 group, mice were 
scanned four times in two weeks with both tracers, whereas the 
HER2-positive group underwent weekly scans for four weeks 
(Figure 1). 

Administration of the radiopharmaceuticals into the lateral tail 
veins was carried out under inhalational anesthesia. The acquisition 
occurred after an incubation period, allowing sufficient time for 
urinary excretion to minimize urinary bladder uptake. The exact 
injected radioactivity was determined by measuring the syringe 
volume and calculating the activity using a dose calibrator before 
and after every injection. 

The administered dose of [18F]F-FDG was 14.83±2.91 MBq. Prior 
to scanning, mice were subjected to overnight fasting, lasting for at least 
12 h, to minimize background uptake in the blood pool and 
myocardium. The incubation time before scanning was 80.45±2.47 min. 
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Figure 2. Muscle-Spacing Correction Method: To guarantee the equal 
distance from the urinary bladder to each measured volume of interest 
(VOI), a large VOI is drawn over the center of the urinary bladder. This 
bladder VOI intersects with both the central point of the tumor’s 
avid/non-avid area VOI/the furthest point of the whole tumor VOI from 
the bladder and the center of the reference muscle VOI. (A) Evaluating 
tumor heterogeneity, pink circle denotes the urinary bladder VOI, 
orange circle indicates the non-avid area VOI, green circle represents 
the muscle reference VOI, and the asterisk sign indicates the urinary 
bladder. (B) Accessing the whole tumor uptake; light blue circle 
indicates the urinary bladder VOI, the brown VOI indicates the whole 
tumor VOI, and the green circle represents the muscle reference VOI; 
the asterisk marks the urinary bladder.



The administered dose of [68Ga]Ga-NODAGA-c(RGDfK)2 was 
14.45±3.83 MBq. All mice were provided with a sterile semi-
synthetic rodent diet and sterile tap water before the scan. The 
incubation time before scanning was 82.95±5.27 min. 

 
In vivo imaging protocol. PET/MRI images were conducted using 
the nanoScan® PET/MRI 1T (Mediso Ltd., Budapest, Hungary) 
while ensuring the animals remained under inhalational anesthesia 
with isoflurane (Forane, AbbVie, Budapest, Hungary) (3% for 
initiation and 2% for maintenance) with a continuous supply of 0.4 
l/min oxygen (Linde Healthcare, Budapest, Hungary) and 1.2 l/min 
nitrous oxide gas (Linde Healthcare). The animals were securely 
positioned on a scanning bed to maintain a constant body 
temperature of 37˚C throughout the procedure. 

PET acquisitions lasted for 20 min with a field of view (FOV) 
of 98.5 mm. Following the PET scan, MRI acquisition was 
performed with specific parameters: flip angle of 20 degrees, 
repetition time of 15 ms, echo time of 2 ms, FOV of 60 mm, and 
number of excitations was set to 2, for approximately 18 min. 

Reconstruction of the acquired raw data was carried out using 
Nucline software (Mediso Ltd.) and employed the 3D-OSEM (Ordered 
Subset Expectation Maximization) algorithm with attenuation correction 
and random correction. When reconstructing [18F]F-FDG images, the 
voxel size was set at 0.4 mm3 with 6 iterations and low regularization. 
In contrast, the reconstruction of [68Ga]Ga-NODAGA-c(RGDfK)2 
images utilized a smaller voxel size of 0.3 mm3, 12 iterations, and high 
regularization to enhance resolution and minimize partial volume effects, 
which is more pronounced when imaging with 68Ga due to its higher 
positron energy of 1.9 MeV (11). 

 
In vivo PET measurements. Measurements were done with InterView™ 
FUSION software (Mediso Ltd.). Volume-of-interests (VOIs) were 
delineated on both tumor and muscle reference areas using Muscle-
Spacing Correction Method, i.e., using muscle reference with an equal 
distance from the urinary bladder to correct its spillover effect (Figure 2). 

To assess tumor heterogeneity, VOIs with a diameter of 2 mm 
were drawn over the most avid and least avid regions within the 

tumor. These VOIs were positioned equidistant with the reference 
VOIs from the center of the urinary bladder to minimize the partial 
volume effect of the bladder activity (Figure 2A). 

Activity of the entire tumor was assessed by drawing VOIs 
manually around the tumor’s contour. Muscle uptake was used as a 
reference, and the distance from the bladder to the reference muscle 
was adjusted to match the distance of the farthest point of the tumor 
from the bladder (Figure 2B). 

To calculate the Standardized Uptake Value (SUV) the following 
formula was used: SUV=[VOI activity (MBq/ml)]/[injected activity 
(MBq)/animal weight (g)]. Evaluation of tumor uptake was performed 
by calculating the ratio of tumor SUVmean to muscle SUVmean. 

Regions of interest (ROIs) were drawn around the tumor 
contours in each axial slice of the MRI images. Tumor volumes 
were calculated by summing the areas of these ROIs and 
multiplying the result by the slice thickness (0.5 mm). 

 
Histopathology and immunohistochemistry. After the last scan, the 
mice were euthanized, and the tumors were resected, fixed in 10% 
formalin and frozen at a fixed temperature of –20˚C. The tumors were 
then sent for histopathologic and immunohistochemistry examinations. 
In addition to the conventional hematoxylin and eosin (H&E) staining, 
immunohistochemistry staining was performed to visualize the 
expression of GLUT1 transporter (GLUT1 Recombinant Rabbit 
Monoclonal Antibody, SA0377, Thermo Fisher Scientific, Dreieich, 
Germany) and avb3 integrin (Anti-Integrin αVβ3 Antibody, clone 
EM22703 ZooMAb® Rabbit Monoclonal, Merck KGaA) proteins. 
Texas-red (Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary 
Antibody, Texas Red, Thermo Fisher Scientific) was used as the 
secondary antibody, and cell nuclei were counterstained with DAPI 
(DAPI ready-made solution, MBD0015, Merck KGaA). 

 
Data presentation. Due to the small sample size, resulting in a non-
normal distribution, data were presented as median and interquartile 
range: median (lower quartile to upper quartile). All the graphs were 
created using GraphPad Prism 9.4.1 software (GraphPad Software, 
Boston, MA, USA). 
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Figure 3. PET/MRI hybrid images on different scanning days using [18F]F-FDG (upper row) and [68Ga]Ga-NODAGA-c(RGDfK)2 (lower row) on 
4T1 tumor-bearing mouse. Red contours highlight the avid areas within the tumor. The SUV scale is displayed at the right.



Results 
 
4T1 tumor heterogeneity. During our two-week longitudinal 
study, there was significant heterogeneity in the tracer uptake in 
different areas within the 4T1 tumors. We monitored the changes 
in the activities of both high-uptake areas (avid areas) and low-
uptake areas (non-avid areas) throughout the study (Figure 3). 
Based on SUV measurements, there were fluctuations in 
tumor/muscle ratios in both radiopharmaceuticals. As the tumors 
grew, the heterogeneity became more prominent (on days 7-8 
and days 10-11). These differences were more pronounced when 
using [18F]F-FDG compared to [68Ga]Ga-NODAGA-
c(RGDfK)2. Specifically, the ratios of [18F]F-FDG uptakes on 
days 10-11 were: avid areas 18.62 (14.99 to 22.25) vs. non-avid 
areas 7.06 (6.19 to 7.93); whereas with [68Ga]Ga-NODAGA-
c(RGDfK)2 the ratios were: avid areas 13.98 (10.58 to 17.38) vs. 
non-avid areas 6.85 (6.74 to 6.97) (Figure 4A). 

Tracking the changes of the two tracers over time in both 
avid and non-avid areas revealed a synchronized pattern 
(Figure 4B). 

4T1 and MDA-MB-HER2+ whole tumor assessment. Due to 
the noticeable trends between FDG and RGD in both avid 
and non-avid areas of fast-growing 4T1 tumors, we 
investigated the correlation across the entire tumor. Based 
on the line graphs following the two tracers over time, it 
was evident that the two ratios were comparable, and their 
changes follow a similar direction. The scatter plot further 
confirmed this observation, revealing a relatively 
remarkable positive correlation between the two tracers, 
which both increased from the 1st scan [FDG: 7.22 (7.00 to 
7.43), RGD: 9.05 (6.13 to 11.96)] to the 3rd scan [FDG: 
9.05 (9.03 to 9.06), RGD: 12.63 (10.48 to 14.79)] (Figure 
5A). Furthermore, HER2-positive graph also revealed a 
relative correlation in this slow-growing group, even though 
the correlation seemed weaker. Specifically, there was a 
slight increase in FDG from week 1: 2.04 (1.50 to 2.39) to 
week 2: 2.04 (1.74 to 2.015), and week 3: 2.45 (1.32 to 
4.21), whereas the RGD decreased from week 1: 8.70 (7.76 
to 9.93) to week 2: 7.50 (4.98 to 10.37), and week 3: 5.35 
(5.26 to 25.88). Nevertheless, scatter plots revealed a 
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Figure 4. Line graphs presenting tumor/muscle ratios using [18F]F-FDG (FDG) and [68Ga]Ga-NODAGA-c(RGDfK)2 (RGD) in avid areas and 
non-avid areas of 4T1 tumors (A, B).



noticeable correlation between the two tracers in both 
groups (Figure 5A). 

However, there was a noticeable difference in the trend of 
whole tumor FDG ratios over RGD ratios between 4T1 and 
MDA-MB-HER2+ xenografts. The MDA-MB-HER2+ tumors 
exhibited higher tumor-to-muscle ratios for RGD compared to 
FDG, resulting in notably lower FDG-to-RGD ratios in this 
group, as demonstrated in the scatter plot (Figure 5A). 

There were notable differences in tumor sizes within the 
two groups, i.e., on day 8: MDA-MB-HER2+ tumor size was 
28.84 (27.97 to 39.98) mm3, whereas 4T1 tumor size was 
656.24 (387.81 to 924.66) mm3 (Figure 5B). When 
comparing the FDG SUVmean ratios between the two groups 
on corresponding scanning days, consistently higher ratios 
were observed in the fast-growing 4T1 group. For instance, 
in the second week, the FDG ratio for 4T1 tumors was 9.05 
(9.03 to 9.06), while for MDA-MB-HER2+ tumors, it was 
2.04 (1.74 to 2.15). The difference was less pronounced for 
the RGD tracer (the ratios of 4T1 tumor vs. MDA-MB-
HER2+ tumor on the second week were 12.63 [10.48 to 
14.79) vs. 7.50 (4.98 to 10.37), respectively] (Figure 5B). 

There were notable correlations between FDG ratios and 
RGD ratios with the tumor sizes in the 4T1 group. Both line 

graphs (Figure 6A) and scatter plots (Figure 6B) demonstrated 
comparable positive correlations between 4T1 tumor sizes and 
4T1 tumor-to-muscle ratios using the two radiopharmaceuticals. 
However, these positive correlations were not as visible in the 
slow-growing group (Figure 7). 

Histopathology and immunohistochemistry examination. H&E 
staining revealed that the triple-negative tumor group was 
stroma-rich, while the HER2-positive group showed prominent 
necrosis. GLUT1 transporter staining in the 4T1 xenografts 
showed strong, widespread staining, particularly in the stromal 
areas. HER2-positive tumors had less intense GLUT1 
transporter staining, which showed a rather heterogeneous 
cellular distribution. The two tumor types displayed similar 
αvβ3 integrin staining intensities, with HER2-positive tumors 
showing slightly weaker stromal staining and a more uniform 
distribution (Figure 8). 

 
Discussion 
 
The results of our study show a noticeable positive 
correlation between glucose metabolism and angiogenesis 
imaging, indicating their possible significant interplay in 
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Figure 5. Line graphs and scatter plots of whole tumor/muscle ratios using [18F]F-FDG and [68Ga]Ga-NODAGA-c(RGDfK)2 in MDA-MB-HER2+ 
tumors and 4T1 tumors (A). Bar graphs demonstrate the tumor/muscle ratios using [18F]F-FDG (left), [68Ga]Ga-NODAGA-c(RGDfK)2 (middle) 
in the 1st (day 1: FDG, day 4: RGD) and 2nd (day 7-8: FDG, day 8-9: RGD) scanning week on MDA-MB-HER2+ and 4T1 tumors, right bar graph 
compares tumor sizes of the two groups (B).



tumor characterization. Moreover, both FDG and RGD 
correlate with tumor growth, particularly in the 4T1 tumor. 
Furthermore, there were variations in FDG over RGD ratios 
between the two groups, highlighting the different behaviors 
among breast cancer subtypes. 

Angiogenesis relies on several biochemical processes, 
which include the expression of pro-angiogenetic factors, 
VEGF, bFGF, TGF, TNF, and other cytokines and growth 
factors, especially under hypoxic conditions mediated via the 
transcription factor HIF-1α. In addition, inhibiting negative 
regulatory processes, such as tissue inhibitor metalloprotease, 
angiotensin, and angiostatin, is also required for effective 
angiogenesis (3). Therefore, considering the substantial 
energy demands of intercellular crosstalk within the cancer 
microenvironment, there may be a direct correlation between 
angiogenesis and glucose utilization. 

Studies have indeed demonstrated a positive correlation of 
FDG uptake with different histologic angiogenesis markers, 
such as CD31 and CD105, in lung and breast cancers (15-
17), prompting ongoing investigations into the relationship 
between FDG and RGD tracers. Wei et al. conducted a study 
on mice bearing lung cancer xenografts and found a very 
strong correlation between these two tracers with r=0.917 

(18). Additionally, several clinical studies have reported a 
positive correlation across various tumor types, particularly 
in tumors with high FDG avidity (rectal, breast, non-small 
cell lung cancer, and head and neck cancer) (19-27). The 
correlation between the two radiopharmaceuticals may 
become more evident when their values are corrected using 
a muscle reference (21, 27). This adjustment is necessary due 
to the substantially lower uptake of RGD compared to FDG 
in general (21, 27-29) and the distinct differences in the 
biodistribution of these two radiopharmaceuticals (30). 

In our study, relatively positive linear correlations were 
observed between RGD and FDG tumor/muscle ratios 
regardless of the growth rate of the tumor, indicating a 
potentially significant relationship between angiogenesis and 
glucose metabolism. It is assumed that several factors may 
contribute to these observations. Firstly, tumor endothelial 
cells were found to up-regulate glucose transporters GLUT1 
and GLUT3 in response to high glucose transportation (31) 
leading to increased FDG uptake in regions of enhanced 
angiogenesis. Additionally, cancer cells exhibit an elevated 
FDG uptake due to the Warburg effect, particularly within 
hypoxic regions (32). These hypoxic areas are closely 
associated with regions undergoing angiogenesis, further 
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Figure 6. Line graphs (A) and scatter plots (B) showing changes over time and correlation between tumor sizes and whole tumor/muscle SUVmean 
ratios using [18F]F-FDG (left) and [68Ga]Ga-NODAGA-c(RGDfK)2 (right) in 4T1 tumors.



contributing to the strong correlation between FDG uptake 
and angiogenic regions (33). Moreover, cancer-associated 
fibroblasts have a significant impact on tumor FDG uptake 
(34), and have an essential role in angiogenesis processes, 
particularly in cancers with substantial stromal components, 
such as breast cancers (35). Furthermore, angiogenesis in 
cancer is characterized by abnormal vessel formation 
involving immature endothelial cells which tend to be leaky, 
and lack proper basement membrane and supporting 
pericytes (36). This neo-vasculature is associated with 
increased permeability and perfusion within the tumor (37), 
further enhancing FDG uptake (38). 

Utilizing the observed correlation between tumor sizes and 
tumor/muscle SUV ratios of the two tracers, coupled with the 
ability to assess tumor heterogeneity, provides a valuable 
means of precisely determining the target tumor volume for 
therapy. In our study, comparable correlations of the FDG and 
RGD with tumor size were observed, especially in the 
aggressive tumors. The correlations were not clearly seen in 
slow-growing tumors, likely due to the different behaviors 
between subtypes of the same cancer, as reported in a study on 
non-small cell lung cancer, where both adenocarcinoma and 
squamous cell carcinoma demonstrated positive correlations 

between FDG uptake and tumor size; however, the correlation 
coefficient and correlation pattern varied between the two 
subtypes (39). Nevertheless, comparing the correlation of two 
tracers with tumor size, a previous larger study reported a 
superior correlation of RGD with the pathologic volume of the 
tumor (40), possibly because tumor growth heavily relies on 
angiogenesis more linearly, while glucose metabolism is more 
complex, encompassing elements like inflammation and 
stromal activity. RGD imaging can assist oncology surgeons to 
determine the possible resection margins or even delineate the 
gross tumor volume for radiotherapy by precise detection of 
the tumor extension. Therefore, it can serve as a specific 
predictive tool, minimizing false positives associated with 
inflammation, for evaluating tumor progression and monitoring 
responses to treatment, particularly in anti-angiogenic therapy 
(41, 42) used in metastatic colorectal cancer, non-small-cell 
lung cancer, glioblastoma, ovarian and cervical cancers (43). 

Despite differences in growth rates, the breast cancer 
subtypes used in our study represent the most aggressive types 
reliant on angiogenesis, resulting in the highest expression of 
αvβ3 among all breast cancer subtypes (44, 45). While both 
cell lines exhibited correlations in tumor/muscle ratios 
between FDG and RGD, glucose metabolism was noticeably 
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Figure 7. Line graphs (A) and scatter plots (B) showing changes over time and correlation between tumor sizes and whole tumor/muscle SUVmean 
ratios using [18F]F-FDG (left) and [68Ga]Ga-NODAGA-c(RGDfK)2 (right) in MDA-MB-HER2+ tumors.



higher than angiogenesis in the 4T1 triple-negative cell line. 
This observation can be attributed to the aggressive nature of 
4T1, given that the triple-negative breast cancer subtype is 
known to have the worst prognosis and the lowest survival 
rate of all breast cancer subtypes regardless of cancer stage 
(46, 47). Consequently, this aggressive subtype, displaying a 
faster growth rate, has a higher FDG-to-RGD ratio when 
compared to other subtypes (25). Furthermore, larger tumors 
are associated with denser microvascularity, which facilitates 
the penetration and uptake of FDG, thus increasing overall 
FDG tumor uptake (38). Our histopathological examination 
revealed that 4T1 had an abundant tumor stroma, which has 
been reported in the literature (48). The stroma-rich cancer 
environment has a significant impact on increased FDG 
uptake within the tumor, especially in cancers with high FDG 
that have a greater distribution of stroma (34). In contrast, the 
HER2-positive subtype is known to have the highest rate of 
parenchymal organ metastases among all breast cancer 
subtypes (49), although recent advances in HER2-targeted 
therapies have improved the survival rates of this particular 
subtype. As a result, HER2-enriched tumors displayed an 
elevated RGD uptake, whereas triple-negative breast cancer 
exhibited lower RGD uptake relative to its high FDG uptake 
(25, 50). Moreover, a study has associated HER2 positivity 
with an increased expression of HIF-1α (51), which may 
further promote neo-angiogenesis (33). These explain the 
minimal differences observed between the HER2-positive 
xenograft and the aggressive triple-negative 4T1 xenograft 
when using RGD imaging and αvβ3 integrin staining. 

Tumors characterized by a higher FDG uptake (22) or 
higher FDG tumor-to-muscle ratio, like the triple-negative 
breast cancer subtype we used in our experiments, exhibited 
a more robust correlation between neo-angiogenesis and 
FDG-avidity in comparison to other tumors (25, 52). Our 
study observed relatively more linear relationships in the 
group with higher FDG tumor-to-muscle ratios; however, 
due to the small sample size no statistical analysis was 
performed to investigate the differences further, thus the 
results should be considered preliminary. Nevertheless, this 
observation emphasizes the significance of neo-angiogenesis 
in tumor growth, particularly in aggressive tumors, where 
rapid growth demands high levels of oxygen and nutrients. 

Peptide-derived tracers like RGD are predominantly 
excreted via the kidneys, leading to high activity accumulation 
in the urinary bladder (53). This can cause a partial volume 
effect, resulting in false increased activity measured in the 
surrounding organs. Invasive bladder continuous flushing (54) 
and non-invasive hydration plus furosemide (55) protocols 
have been proposed to minimize this artifact. Reconstructing 
with spatial resolution improvements, such as using the 
Ordered Subset Expectation Maximization (OSEM) iterative 
reconstruction method (54), increasing the number of 
iterations, and reducing voxel size (56), have been attempted 

to reduce this unwanted effect. In this study, we further 
enhanced quantitative accuracy without in vivo intervention 
by implementing the Muscle-Spacing Correction Method. 
Taking advantage of the consistently minimal muscular 
uptake, along with the homogenous and relatively oval shape 
of the fully filled urinary bladder, the method uses a muscle 
VOI as the reference for background correction. In order to 
ensure equal distances from the reference VOI to the bladder 
center and from the target VOI to the bladder center, an 
additional VOI is drawn. Its center aligns with the center of 
the bladder and intersects with the centers of the target and 
reference VOIs. Utilizing this method, we can correct the 
partial volume effect not only when the target is near the 
bladder but also potentially in brain imaging, where a similar 
phenomenon frequently occurs. 

One notable limitation of this study is the relatively small 
sample size, especially in the 4T1 group (n=2), which may 
limit the statistical power and the generalizability of the 
findings. Additionally, the measuring method employed in 
the study has not been thoroughly validated, and therefore 
further investigation is needed to verify the reliability and 
reproducibility of the technique. Moreover, it is important to 
acknowledge that breast cancers are substantially complex 
and heterogeneous with various subtypes exhibiting distinct 
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Figure 8. Histopathology and immunohistochemistry results of triple-
negative (4T1) and HER2 positive (MDA-MB-HER2+) xenografts. Upper 
row shows hematoxylin and eosin (H&E) staining, middle row and bottom 
row display GLUT-1 transporter and αvβ3 integrin staining, respectively.



molecular profiles and clinical behaviors. Further research 
with larger sample sizes and various breast cancer subtypes 
is necessary to confirm the complex relationship between 
glucose metabolism, vascular formation, and tumor 
progression in this heterogeneous cancer type. 

 
Conclusion 
 
In conclusion, our preliminary report emphasizes the possible 
strong correlation between glucose metabolism and 
angiogenesis imaging, revealing their complex roles in tumor 
characterization. Accumulation of FDG and RGD exhibit a 
substantial relationship with tumor growth, emphasizing 
RGD’s potential in clinical applications. Additionally, the 
observed variations in the ratio between FDG and RGD reflect 
the diverse behaviors among breast cancer subtypes. Due to 
the small number of subjects in this preliminary report, a 
larger study is needed to provide more robust evidence for the 
findings, especially across all breast cancer subtypes. 
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