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Abstract: To evaluate the safety and VEGFR-3 imaging effects of [68Ga]Ga-NOTA-(TMVP1)2 in ovarian cancer patients. 13 patients with 
ovarian cancer were recruited and underwent radionuclide imaging with [68Ga]Ga-NOTA-(TMVP1)2. The safety of [68Ga]Ga-NOTA-(TMVP1)2 
was assessed in vivo (including vital signs, biochemical indices, ECG, allergic reactions, etc.) and its imaging effect on VEGFR-3 was 
explored. A total of 1 patient with primary ovarian cancer and 12 patients with recurrent ovarian cancer, with an age range of 41-54 
years, were included in the study. 13 ovarian cancer patients had a total of 49 18F-FDG-positive lesions, 63.3% of which were positive for 
[68Ga]Ga-NOTA-(TMVP1)2. The higher expression of VEGFR-3 in [68Ga]Ga-NOTA-(TMVP1)2-positive ovarian cancer lesions was found by im-
munohistochemical staining, which was positively correlated. Meanwhile, [68Ga]Ga-NOTA-(TMVP1)2 is a safe radiotracer as no significant 
side effects have been found in the human. In conclusion, [68Ga]Ga-NOTA-(TMVP1)2 enables precise molecular imaging of VEGFR-3 in 
ovarian cancer patients with a favourable safety profile, providing a new tool for the in vivo assessment of VEGFR-3 in ovarian cancer.
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Introduction

The incidence rate of ovarian cancer has been on the rise 
year by year in recent years, and the death rate ranks first 
among malignant tumors of the female reproductive sys-
tem. Ovarian cancer often has no obvious symptoms in 
the early stage, and about 75% of the patients are already 
in the advanced stages when they are diagnosed [1, 2]. 
Metastasis is the leading cause of death in patients with 
advanced ovarian cancer [3]. There are four metastatic 
routes of ovarian cancer, including hematogenous metas-
tasis, lymphatic metastasis, implantation metastasis and 
direct invasion. The incidence of lymph node metastasis 
in early-stage ovarian cancer (stage I-II) is around 15%, 
but lymph node metastasis occurs in 70% of patients with 
advanced ovarian cancer, making it a potential therapeu-
tic target [4-6].

Lymph node metastasis in ovarian cancer is closely relat-
ed to lymphangiogenesis, which is strongly associated 
with vascular endothelial growth factor receptor 3 (VEGFR-
3) (also known as Flt-4). In most solid tumors, VEGFR-3 is 
highly expressed in the lymphatic endothelium, and its 
expression is significantly higher than that in adjacent 
paracancerous normal tissues [7]. Yokoyama et al. found 
that 90% and 72% of benign and borderline ovarian 
tumors failed to stain for VEGFR-3 in endothelial cells 
adjacent to tumor cells, respectively [8]. However, 57% of 

ovarian carcinomas stained positively for VEGFR-3 in 
endothelial cells adjacent to the carcinoma. The expres-
sion of VEGFR-3 in ovarian tumors correlates with their 
benignity and malignancy, suggesting that VEGFR-3 has 
an important role in the development of ovarian cancer. 
After co-culturing lymphatic endothelial cells with ovarian 
cancer cells, the migration and metastasis of cancer cells 
were significantly enhanced, which might be triggered by 
activating the MMP-9/TIMP-2 pathway [9]. Overexpression 
of VEGFR-3 in ovarian cancer was found to correlate with 
debulking status and positive response to chemotherapy, 
and progression-free survival was significantly longer in 
women with low VEGFR-3 expression than in women with 
high VEGFR-3 expression [10]. In all, overexpression of 
VEGFR-3 reflects the aggressiveness of ovarian carcino-
ma spread and has a predictive value for identifying high-
risk patients with poor prognosis. VEGFR-3 is known to be 
involved in tumorigenesis and lymphangiogenesis, and 
thus has the potential to be a molecular target for cancer 
therapy. Babaei et al. used a VEGFR-3 inhibitor to treat 
ovarian cancer and found that it increased cell cycle 
arrest and promoted apoptosis in OVCAR3 and SKOV3 
cells by inhibiting the ERK-2 and AKT signaling pathways 
[11]. Cediranib, a broad-acting tyrosine kinase inhibitor 
(TKI), was also able to significantly inhibit ovarian cancer 
metastasis [12]. Therefore, monitoring VEGFR-3 expres-
sion in ovarian cancer is useful for assessing patient 
prognosis and guiding VEGFR-3-targeted therapy.
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A monoclonal antibody mF4-31C1-labeled radiotracer 
was constructed for tracer imaging of VEGFR-3 in ovarian 
cancer by Huhtala et al. [13]. The antibody-labeled radio-
tracer required 48 hours after injection to be detected in 
ovarian cancer tissue, and the uptake rate was only 5.77 
± 0.62 %ID/g. Peptide-based radiotracers have the advan-
tage of rapid imaging and are typically ready for manipula-
tion 30-60 minutes after injection [14, 15]. Li et al. 
screened a peptide, WHWLPNLRHYAS, that binds specifi-
cally to VEGFR-3 with an affinity constant of 174.8 ± 31.1 
μg/mL between them [16]. Further, our group screened a 
peptide with high affinity for VEGFR-3, TMVP1 [17]. TMVP1 
has an affinity for VEGFR-3 of 6.73 μM/mL and has dem-
onstrated the ability of this peptide radiotracer to image 
VEGFR-3 in patients with ovarian and cervical cancer. 
Nanoparticles prepared as fluorescent tracers using 
TMVP1 can be used for imaging and treatment of primary 
tumors and metastatic tumors in lymph nodes [18]. To 
further enhance the potential application of TMVP1, we 
designed it as a dimer ([68Ga]Ga-NOTA-(TMVP1)2) and 
demonstrated that the dimeric peptide had better VEGFR-
3 targeting compared to the monomeric peptide [19]. In 
this study, we used [68Ga]Ga-NOTA-(TMVP1)2 radiotracer 
for the first time to assess the level of VEGFR-3 expres-
sion in patients with ovarian cancer, providing a new 
potential tool for stratifying ovarian cancer patients based 
on VEGFR-3 expression.

Methods

Participant enrollment

The clinical investigation was registered with the Chine- 
se Clinical Trial Registry (ChiCTR-DOD-17012458) and 
received approval from the Institutional Review Board 
(IRB) of Peking Union Medical College Hospital, Chinese 
Academy of Medical Sciences (Ethics number ZS-1128). 
Written informed consent was obtained from all partici-
pants. The study adhered to ethical guidelines outlined by 
institutional and national research committees, as well as 
the principles of the Declaration of Helsinki (1964) and its 
subsequent amendments.

Eligible participants were diagnosed with either primary 
ovarian cancer or postoperative recurrence, aged ≥18 
years, and capable of providing informed consent. 
Exclusion criteria included pregnancy, lactation, severe 
hepatic/renal dysfunction (glomerular filtration rate < 60 
mL/min/1.73 m2 or hepatic enzymes ≥2× upper nor- 
mal limit), hypersensitivity to radiographic agents, claus-
trophobia, or psychiatric conditions. Vital parameters 
(e.g., blood pressure, heart rate), physical examin- 
ations, electrocardiograms, hematological profiles, and 
hepatic/renal function markers were documented be- 
fore and after intravenous administration of [68Ga]
Ga-NOTA-(TMVP1)2.

Imaging protocol

In contrast to [18F]F-FDG PET/CT protocols requiring pre-
scan fasting, no dietary restrictions were imposed for  
this study. Participants were instructed to empty their 
bladders prior to imaging. Following intravenous injection 
of [68Ga]Ga-NOTA-(TMVP1)2, whole-body PET scans were 
conducted 30-45 minutes post-administration using 5-6 
bed positions (10-minute acquisition per bed), spanning 
from the skull to mid-femur. A low-dose CT scan (120 kV, 
35 mA, 3 mm slice thickness, 512×512 matrix, 70 cm 
FOV) preceded PET imaging for attenuation correction. 
Two nuclear medicine specialists independently delineat-
ed regions of interest (ROIs) on co-registered CT images 
to quantify maximum and average standardized uptake 
values (SUVmax/SUVmean) for lesions and organs.

Immunohistochemical analysis

VEGFR-3 expression in ovarian cancer tissues was evalu-
ated via immunohistochemistry (IHC). Tissue specimens 
underwent fixation in 4% paraformaldehyde, paraffin 
embedding, and sectioning. After deparaffinization and 
rehydration, endogenous peroxidase activity was blocked 
with 3% H2O2 (20 minutes). Sections were treated with 
bovine serum albumin to minimize nonspecific binding, 
followed by overnight incubation at 4°C with anti-VEGFR-3 
primary antibody (BioLegend, 356202, 1:100 dilution). 
Horseradish peroxidase-conjugated anti-mouse IgG sec-
ondary antibody was applied (37°C, 30 minutes), with 
subsequent diaminobenzidine staining and hematoxylin 
counterstaining. Three blinded observers independently 
scored staining intensity and VEGFR-3-positive cell 
percentages.

Statistical evaluation

PET image processing was performed using Siemens 
Multi-Modality Workplace (MMWP). ROIs for normal tis-
sues and lesions were manually defined, with the work-
station calculating radioactivity concentrations and SUVs. 
GraphPad Prism (v5.0) facilitated statistical analyses and 
time-activity curve generation. Lesion uptake characteris-
tics of [68Ga]Ga-NOTA-(TMVP1)2 and [18F]F-FDG were eval-
uated by experienced radiologists. Data are presented as 
mean ± standard deviation. Intergroup comparisons 
employed Student’s t-test or one-way ANOVA, with P < 
0.05 considered statistically significant.

Results

Clinical characteristics of the patients

Between October 2016 and April 2017, 13 ovarian cancer 
patients (Table 1) were enrolled in the study. The ages of 
the 13 patients ranged from 32 to 54 years, with a mean 
age of 46.5 years. All patients weighed between 44 and 
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75 kg, with a mean weight of 57.5 kg, and no patient was 
overweight or underweight. Except for one patient who 
had primary ovarian cancer, all 12 patients had recurrent 
ovarian cancer after surgery. 

PET/CT imaging of [68Ga]Ga-NOTA-(TMVP1)2

The structural formula of [68Ga]Ga-NOTA-(TMVP1)2 is 
shown in Figure 1, and it has a radiochemical purity of 
over 95%. All ovarian cancer patients included in the 
study underwent [18F]F-FDG scans, and identified as  
having 1 or more positive lesions. 13 ovarian cancer 
patients were included in the study with a total of 44 [18F]
F-FDG positive lesions. Of these 44 18F-FDG-positive 
lesions, 26 were positive for [68Ga]Ga-NOTA-(TMVP1)2. 
Another 18 lesions were positive for 18F-FDG but negative 
for [68Ga]Ga-NOTA-(TMVP1)2 (Table 2). Patient #2 was  
a patient with recurrent ovarian cancer, as shown in 
Figure 2, and [18F]F-FDG showed recurrent ovarian cancer 
lesions in both the pelvis and vaginal stump. The radioac-

Of the 13 patients with ovarian cancer, 5 underwent sur-
gery. Independent diagnosis was made by two patholo-
gists and confirmed the pathologic type of ovarian plas-
macytoid cystadenocarcinoma in all five patients. Immu- 
nohistochemical staining was used to detect the expres-
sion level of VEGFR-3 in a total of 15 ovarian cancer tis-
sues from these five patients (Figure 5). Immunohis- 
tochemical results showed that these ovarian cancer 
lesions had varying degrees of VEGFR-3 expression, and 
70% of the lesions were determined to be VEGFR-3 posi-
tive. Also, these VEGFR-3-positive ovarian cancer lesions 
were positive for [68Ga]Ga-NOTA-(TMVP1)2 uptake. 

Discussion

Ovarian cancer is the cancer with the highest mortality 
rate among gynaecological malignancies, and currently, 
its standard clinical treatment options are tumor cytore-
duction and chemotherapy [19, 20]. With the arrival of 

Table 1. Information of the patient
No. Age Gender Weight (kg) Clinical diagnosis
1 45 Female 75 Recurrent ovarian cancer
2 49 Female 52 Recurrent ovarian cancer
3 44 Female 64 Recurrent ovarian cancer
4 32 Female 47 Recurrent ovarian cancer
5 42 Female 60 Primary ovarian cancer
6 51 Female 60 Recurrent ovarian cancer
7 52 Female 55 Recurrent ovarian cancer
8 41 Female 58 Recurrent ovarian cancer
9 54 Female 44 Recurrent ovarian cancer
10 47 Female 61 Recurrent ovarian cancer
11 50 Female 50 Recurrent ovarian cancer
12 49 Female 46 Recurrent ovarian cancer
13 49 Female 75 Recurrent ovarian cancer

Figure 1. Chemical structure of [68Ga]Ga-NOTA-(TMVP1)2.

tivity of the right pelvic intestinal sur-
face metastases was significantly in- 
creased at [18F]F-FDG, while the radio-
activity of [68Ga]Ga-NOTA-(TMVP1)2 
reached 2.53 for SUVmax and 1.53 for 
SUVmean (Figure 2A). For the recurrent 
cancer of the vaginal stump in patient 
#2, the [68Ga]Ga-NOTA-(TMVP1)2 had 
an SUVmax of 1.57 and an SUVmean of 
1.07, thus judging that the lesion was 
also positive (Figure 2B). Patient #4 
had recurrent ovarian cancer and CT 
showed significant thickening of the 
gastric wall in the greater curvature of 
the stomach (Figure 3). [18F]F-FDG 
uptake was positive in this lesion with 
a SUVmax of 2.2. Meanwhile, the uptake 
of [68Ga]Ga-NOTA-(TMVP1)2 by the 
lesion was significantly higher, with 
increased radioactivity in the lesion, 
SUVmax 2.5 and SUVmean 1.85. Patient 
#7, [18F]F-FDG PET/CT showed multi-
ple ovarian cancer metastases in the 
liver (Figure 4). These metastases all 
had higher uptake of [18F]F-FDG com-
pared to the surrounding normal liver 
tissue. [68Ga]Ga-NOTA-(TMVP1)2 had a 
range of 2.64-3.93 for SUVmax and 
1.13-1.66 for SUVmean in metastatic 
cancer of the liver. The uptake of 
[68Ga]Ga-NOTA-(TMVP1)2 by these me- 
tastases was low relative to normal 
liver tissue, but increased relative to 
muscle, and was therefore nonethe-
less assessed as positive.

Association of [68Ga]Ga-NOTA-
(TMVP1)2 uptake and expression of 
VEGFR-3



Molecular imaging of VEGFR-3

68 Am J Nucl Med Mol Imaging 2025;15(2):65-73

proteins can provide a high degree of selectivity and affin-
ity for specific antigenic epitopes, but antibodies and pro-
teins are larger, diffuse slower, and are also cleared slow-

precision medicine, molecular targeted therapy has grad-
ually entered people’s vision and plays an increasingly 
important role in the field of anti-ovarian cancer [21, 22]. 

Table 2. Uptake of [68Ga]Ga-NOTA-(TMVP1)2 by ovarian cancer lesions

No. Site of lesion
[68Ga]Ga-NOTA-(TMVP1)2

SUVmax SUVmean Results

1 Liver 5.91 4.60 Negative
2 Pelvis 2.53 1.53 Positive

Vaginal stump 1.57 1.07 Positive
Retroperitoneal lymph nodes 1.16 0.80 Negative

3 Pelvis 2.84 2.01 Positive
Liver 6.06 4.69 Negative

4 Lesser curvature of the stomach 2.50 1.85 Positive
Greater curvature of the stomach 2.06 1.35 Positive

5 Uterine adnexa 2.79 1.67 Positive
Pelvis 1.59 1.18 Positive
Retroperitoneal lymph nodes 2.04 1.15 Positive

6 Para-abdominal aortic lymph nodes 1.58 1.06 Positive
1.42 1.02 Positive

Mesenteric lymph nodes 0.71 0.68 Negative
Pelvis 0.98 0.52 Negative

7 Liver 3.93 1.66 Positive
2.64 1.13 Positive

Lung 1.21 0.87 Negative
Para-abdominal aortic lymph nodes 1.94 1.12 Positive
Pelvis 1.28 0.92 Negative

0.94 0.62 Negative
0.28 0.18 Negative

8 Splenic hilum 1.14 0.85 Positive
9 Cervical lymph nodes 1.84 1.22 Positive

Paraesophageal 1.86 1.23 Negative
Pancreas 2.71 1.58 Positive

10 Liver 3.93 3.05 Positive
5.53 4.15 Positive
5.90 4.60 Negative

Pelvis 1.12 0.86 Negative
1.03 0.92 Negative
1.95 1.05 Negative

11 Hepatic peritoneum 4.03 2.47 Negative
Pelvis 2.22 1.69 Positive

2.32 1.85 Positive
2.88 2.12 Positive

12 Spleen 2.88 1.59 Negative
13 Vaginal stump 3.32 1.83 Positive

Axillary lymph nodes 1.74 1.11 Negative
1.95 1.28 Negative

Retroperitoneal lymph nodes 1.98 1.06 Positive
2.51 1.52 Positive

Abdominal incision 2.87 1.61 Positive
Inguinal lymph nodes 2.42 1.51 Positive

Summary 44 lesions 59.1% (Positive)

Molecular targeted therapy is to in- 
tervene in the key targets in the pro-
cess of tumor development and other 
important effects, such as bevaci-
zumab for anti-angiogenic therapy 
and so on [23-25]. In general, the sta-
tus of ovarian cancer target molecules 
needs to be evaluated before target-
ed therapy is administered; for exam-
ple, the application of PARP inhibitors 
is predicated on a mutation in the 
BRCA gene [26-28]. VEGFR-3 has 
been reported to be closely associat-
ed with lymphangiogenesis, as well as 
lymphatic metastasis, in ovarian can-
cer [7, 12]. The use of the VEGFR 
inhibitor Cediranib significantly inhib-
ited ovarian cancer metastasis and is 
a potential treatment. Significant inhi-
bition of tumour growth as well as 
metastasis was achieved by adeno- 
virus-based anti-VEGFR1-3 combina-
tion therapy [29]. IHC staining allows 
assessment of VEGFR-3 expression 
status in isolated ovarian cancer tis-
sues, whereas molecular assessment 
in vivo requires imaging techniques 
such as PET/CT.

The variety of VEGFR radiotracers is 
vast, and the main part of the tracer 
usually consists of small molecules, 
antibodies, peptides, and proteins 
[30-38]. Yang et al. prepared a radio-
tracer, [18F]-VEGFR, using the small 
molecule compound diZD [30]. [18F]- 
VEGFR PET showed significantly lower 
cardiac background signal compared 
with [18F]-FDG PET, improved imaging 
sensitivity for lung abnormalities, and 
demonstrated potential application in 
noninvasive detection of pulmonary 
arterial hypertension and monitoring 
its progression. Small molecule ra- 
diotracers typically have a fast in  
vivo distribution rate and can be rap-
idly cleared from non-target tissues, 
thereby reducing background noise, 
but due to their small size, small mol-
ecules may lack sufficient specificity 
to readily bind to non-target sites [31]. 
Radiotracers based on VEGF frag-
ments or VEGFR antibodies are also a 
promising tool for molecular visualiza-
tion of VEGFR [32, 33]. Antibodies or 
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between small molecules and antibodies, finding a better 
balance between specificity, penetration ability and in 

er from non-targeted tissues, which may result in higher 
background noise [34-36]. Peptides are intermediate 

Figure 2. Uptake of [68Ga]Ga-NOTA-(TMVP1)2 by patient #2. A. Increased radioactivity uptake of [68Ga]Ga-NOTA-(TMVP1)2 by right pelvic 
intestinal surface metastases, SUVmax = 2.53, SUVmean = 1.53. B. Increased uptake of [68Ga]Ga-NOTA-(TMVP1)2 by vaginal stump lesions, 
SUVmax = 1.57, SUVmean = 1.07. Red arrows indicate ovarian cancer lesions.

Figure 3. Uptake of [68Ga]Ga-NOTA-(TMVP1)2 by patient #4. CT showed thickening of the gastric wall at the greater curvature of the 
stomach. The uptake of 18F-FDG was increased at the lesion, SUVmax 2.2. The [68Ga]Ga-NOTA-(TMVP1)2 radioactivity was increased at the 
lesion, SUVmax 2.5, SUVmean 1.85.
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almost twice as high as that of TMVP1, reaching 3.74× 
10-6 M. In 5 healthy volunteers and 8 patients with cervi-
cal cancer, [68Ga]Ga-NOTA-(TMVP1)2 demonstrated a 
favourable safety profile, with no side effects or allergies 
noted. In patients with cervical cancer, 81.8% of lesions 
[68Ga]Ga-NOTA-(TMVP1)2 showed medium- and high-
intensity radiation signals. This molecular imaging agent 
is able to accurately assess the VEGFR-3 status of cervi-
cal cancer and provides a good tool for anti-VEGFR-3 ther-
apy in cervical cancer. In this study, we used [68Ga]
Ga-NOTA-(TMVP1)2 to evaluate VEGFR-3 in a total of 44 
lesions in 9 ovarian cancer patients. The results showed 
that 26 out of 44 ovarian cancer lesions had positive 
VEGFR-3 expression. This may have the following implica-

vivo half-life, and are also often used for in vivo visualiza-
tion of VEGFR [37, 38]. 

TMVP1 is a target peptide that we have previously 
screened for VEGFR-3. The core sequence of TMVP1  
is LARGR, which was cyclized to have an affinity of 
6.73×10-6 M for VEGFR-3. The TMVP1-based radiotracer 
68Ga-DOTA-TMVP1 was clinically tested in five patients 
with ovarian and three with cervical cancer, and the 
results showed that it had a favorable safety profile and 
VEGFR-3 visualization [17]. To further optimise and 
enhance the affinity of TMVP1 for VEGFR-3, we designed 
a radionuclide probe based on TMVP1 dimer, [68Ga]
Ga-NOTA-(TMVP1)2 [39]. Its affinity for VEGFR-3 was 

Figure 4. Uptake of [68Ga]Ga-NOTA-(TMVP1)2 by ovarian cancer liver metastases. 18F-FDG PET/CT images showed enlarged liver and 
increased radioactivity of ovarian cancer liver metastases. The uptake of [68Ga]Ga-NOTA-(TMVP1)2 by normal liver tissue had a SUVmax of 
5.55 and a SUVmean of 3.45. The uptake of [68Ga]Ga-NOTA-(TMVP1)2 by ovarian cancer liver metastases was low, with a SUVmax of 2.64-
3.93 and a SUVmean of 1.13-1.66.
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