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Abstract

This work was designed to study the safety, biodistribution, and radiation dosimetry of a gastrin-

releasing peptide receptor (GRPR)– targeting, 68Ga-labeled bombesin (BBN) peptide derivative 

PET tracer, NOTA-Aca-BBN(7–14) (denoted as 68Ga-BBN) in healthy volunteers and to assess 

the level of receptor expression in glioma patients.

Methods—Four healthy volunteers (2 male and 2 female) underwent whole-body PET/CT at 

multiple time points after a bolus injection of 68Ga-BBN (111 ± 148 MBq). Regions of interest 

were drawn manually over major organs, and time–activity curves were obtained. Dosimetry was 

calculated using the OLINDA/EXM software. Twelve patients with glioma diagnosed by contrast-

enhanced MRI underwent PET/CT at 30–45 min after 68Ga-BBN injection. Within 1 wk 

afterward, the tumor was surgically removed and immunohistochemical staining of tumor samples 

against GRPR was performed and correlated with the PET/CT results.

Results—68Ga-BBN was well tolerated in all healthy volunteers, with no adverse symptoms 

being noticed or reported. 68Ga-BBN cleared rapidly from the circulation and was excreted mainly 

through the kidneys and urinary tract. The total effective dose equivalent and effective dose were 

0.0335 ± 0.0079 and 0.0276 ± 0.0066 mSv/MBq, respectively. In glioma patients, all MRI-

identified lesions showed high signal intensity on 68Ga-BBN PET/CT. SUVmax and SUVmean were 

2.08 ± 0.58 and 1.32 ± 0.37, respectively. With normal brain tissue as background, tumor-to-

background ratios were 24.0 ± 8.85 and 13.4 ± 4.54 based on SUVmax and SUVmean, respectively. 

The immunohistochemical staining confirmed a positive correlation between SUV and GRPR 

expression level (r2 = 0.71, P < 0.001).
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Conclusion—68Ga-BBN is a PET tracer with favorable pharmacokinetics and a favorable 

dosimetry profile. It has the potential to evaluate GRPR expression in glioma patients and guide 

GRPR-targeted therapy of glioma.
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Gastrin-releasing peptide receptor (GRPR), also known as bombesin (BBN) receptor 

subtype II, is a member of the G protein–coupled receptor family of BBN receptors. During 

the past few decades, GRPR has been found to be overexpressed in various types of cancer, 

including prostate cancer, breast cancer, colorectal cancer, pancreatic cancer, glioma, lung 

cancer, ovarian cancers, endometrial cancers, renal cell cancer, and gastrointestinal stromal 

tumors (1–6).

Glioma is the most common type of primary tumor of the central nervous system. 

Originating from glial cells, gliomas are further categorized as astrocytoma, 

oligodendroglioma, or oligoastrocytoma. Astrocytoma is the most dominant type and is 

further classified into 4 histopathologic grades according to the criteria of the World Health 

Organization (WHO) (7). The presence of GRPR has been confirmed in various glioma cell 

lines (8,9). An immunohistochemical-staining study of surgical samples from glioma 

patients revealed that all samples were GRPR-positive and that, in normal brain tissue, 

GRPR was detected in neurons but not in glial cells (10). Moreover, several studies on 

experimental glioma models have confirmed the tumor-inhibition effect of GRPR 

antagonists (11–13).

In view of these facts, the ability to noninvasively image GRPR expression would be helpful 

in drug development, patient stratification, and response monitoring, and various GRPR-

targeting imaging probes have been developed to fit this purpose (14–16). BBN is an 

amphibian homolog of mammalian gastrin-releasing peptide (17,18). BBN(7–14), with the 

amino acid sequence Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH2, has been labeled with various 

radionuclides and used extensively to develop molecular probes for imaging GRPR 

(14,15,19–22). Multiple preclinical studies have demonstrated receptor-specific 

accumulation of these tracers in GRPR-positive tumors (23,24). Several BBN-related tracers 

have also entered early clinical studies (25–29).

However, most of the tracers under clinical investigation are labeled with 99mTc and based 

on SPECT imaging (25,30–32). Because PET imaging provides higher sensitivity, increased 

spatial resolution, and the ability to quantify biodistribution and accurately indicate location, 

effective BBN-based PET tracers are necessary for GRPR-specific imaging and targeted 

radiotherapy. Several PET tracers have been applied to the imaging of brain tumors, such 

as 18F-FDG, amino acid derivatives, thymidine nucleoside analogs, and translocator protein–

targeting probes (33). In this work, we aimed to apply a GRPR-specific PET tracer, 68Ga-

NOTA-Aca-BBN(7–14) (denoted as 68Ga-BBN), to first-in-human studies. The safety 

of 68Ga-BBN was evaluated, and the absorbed dose was estimated by analyzing the 

biodistribution profile in healthy volunteers. We also assessed the value of 68Ga-BBN 

PET/CT in patients with both low-grade and high-grade gliomas.
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MATERIALS AND METHODS
68Ga-BBN Preparation

Aca-BBN(7–14) was synthesized using solid-phase Fmoc chemistry by Peptides 

International. S-2-(4-isothiocyanatobenzyl)-1,4,7-triazacyclono-nane-1,4,7-triacetic acid was 

purchased from Macrocyclics, and 1,4,7-triazacyclononane-1,4,7-triacetic acid N-

hydroxysuccinimide (NOTA-NHS) ester was obtained from CheMatech. All other chemicals 

were purchased from Sigma-Aldrich. NOTA-Aca-BBN(7–14) was synthesized according to 

a procedure published previously (34). The radiolabeling of NOTA-Aca-BBN(7–14) was 

performed in a sterile hot cell. The precursor NOTA-Aca-BBN(7–14) was dissolved in 

deionized water to 1 µg/µL and stored at 4°C before use. 68Ga was eluted from a 68Ge/68Ga 

generator (ITG) using 0.05 M HCl and mixed with 1.25 M NaOAc buffer to adjust the pH to 

4.0. The mixture was then directly transferred to a 1-mL plastic tube containing 30 µg of 

NOTA-Aca-BBN (7–14). After shaking, the mixture was incubated in a heating block at 

100°C for 10 min. The reaction mixture was then cooled, dissolved in sterile phosphate-

buffered saline, and passed through a 0.22-µm aseptic filtration membrane. Thin-layer liquid 

chromatography (Bioscan) was used to test the radiochemical purity, with CH3OH:NH4OAc 

(v/v, 1:1) being used as the developing solution. The radiochemical purity of the product was 

over 97%.

Subjects

The study was registered at clinicaltrials.gov (NCT02520882) and was approved by the 

Institutional Review Board of Peking Union Medical College Hospital, Peking Union 

Medical College, Chinese Academy of Medical Sciences, and all subjects gave written 

informed consent. All procedures were in accordance with the ethical standards of the 

institutional and national research committees and with the 1964 Helsinki declaration and its 

later amendments or comparable ethical standards.

Four healthy volunteers (2 male and 2 female; age range, 46–59 y [mean ± SD, 52.3 ± 7.2 

y]; weight range, 59.0–75.0 kg [mean, 67.3 ± 6.8 kg]) took part in the study. The exclusion 

criteria were mental illness, severe liver or kidney disease (serum creatinine level > 3.0 

mg/dL [270 µM] or any hepatic enzyme level ≥5 times over the normal upper limit), a severe 

allergy or hypersensitivity to radiographic contrast material, claustrophobia (unable to accept 

PET/CT scanning), and pregnancy or breastfeeding. Before and after injection of 68Ga-

BBN, safety data were collected, including vital signs (blood pressure, pulse rate, respiratory 

frequency, and temperature), physical examination, electrocardiography, laboratory 

parameters (routine blood testing and level of serum alanine aminotransferase, serum 

albumin, and serum creatinine), and adverse events.

Twelve patients (8 male and 4 female; age range, 5–44 y [mean, 22.8 ± 15.3 y]) with 

suspected brain glioma as evaluated by contrast-enhanced MRI also took part in the study. 

All underwent surgical removal of their tumor within 1 wk after 68Ga-BBN PET/CT. The 

pathologic diagnosis was determined by 2 neuropathologists independently, with consensus 

reached by review with a third pathologist when there was any discrepancy. The criteria for 
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the pathologic diagnosis were based on the 2007 edition of the WHO classification (35,36). 

Table 1 provides details on the patients and their final diagnoses.

Examination Procedures

For the healthy volunteers, immediately before and 24 h after the 68Ga-BBN PET/CT scan 

we measured blood pressure, pulse rate, respiratory frequency, and temperature and 

performed routine blood and urine tests as well as tests of liver and kidney function. We 

noted and analyzed any possible side effects during and within 1 wk after the scan. No 

specific subject preparation, such as fasting, was requested. After completing the whole-

body low-dose CT scan (140 kV, 35 mA, pitch of 1:1, 5-mm thickness with 3-mm gap, 512 

× 512 matrix, 70-cm field of view), we intravenously injected 111–148 MBq (3–4 mCi) 

of 68Ga-BBN and then completed a serial whole-body PET acquisition (from top of skull to 

middle of femur) using 6 bed positions. The acquisition was 20 s/bed position for the first 

minute; 40 s/bed position for the 5-, 10-, and 15-min time points; and 2 min/bed position for 

the 30-, 45-, and 60-min time points.

For the patients, we intravenously injected a 1.85-MBq (0.05 mCi) dose of 68Ga-BBN per 

kilogram of body weight. A low-dose CT scan (120 kV, 35 mA, 3-mm layer, 512 × 512 

matrix, 70-cm field of view) was obtained, followed 30 min after tracer injection by a 10-

min PET acquisition covering the whole head of the patient. Two experienced nuclear 

medicine physicians manually drew regions of interest on the brain lesions for each image 

using 3-dimensional ellipsoid isocontouring with the assistance of the corresponding CT 

images. The results were expressed as SUVmean and SUVmax.

Data Analysis and Dosimetry Calculation

The PET images were processed on an MMWP workstation (Siemens). General 

biodistribution and temporal and intersubject stability were determined by visual analysis. 

Volumes of interest for normal organs and the concerned lesions were drawn on the serial 

images, and the radioactivity concentrations and SUVs in these volumes of interest were 

obtained using the workstation software.

Dosimetry was calculated according to the European Association of Nuclear Medicine 

dosimetry guidance (37) and a previously reported procedure (38). Non–decay-corrected 

time–activity curves based on SUVs were generated for each organ. The SUVs were then 

converted to MBq/MBq on the basis of organ weights from the adult male phantom (73.7-kg 

body weight) and the adult female phantom (56.9-kg body weight) provided by 

OLINDA/EXM (version 1.1, Vanderbilt University) (39,40). The time-integrated activity 

coefficient (residence time) of each organ was determined by fitting the data using a biphasic 

exponential model included in the software. The residence time of urine in the bladder was 

calculated by the trapezoidal method using Prism (version 4.0, GraphPad Software, Inc.). 

The void time was set as 60 min. “Remainder of body” was calculated for each time point as 

the decayed value of the originally injected activity minus the activity in the source organs 

and urinary bladder. Effective dose was calculated by entering the time-integrated activity 

coefficient for the source organs into OLINDA/EXM for either a 73.7-kg male adult or a 

56.9-kg female adult.
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Immunohistochemical Staining of GRPR

Tumor samples were fixed with 10% neutral buffered formalin and embedded in paraffin. 

After deparaffinization and rehydration, 5-µm-thick tissue sections were treated with 3% 

H2O2 for 20 min to block endogenous peroxidase. The sections were then washed 3 times 

with phosphate-buffered saline and briefly in a buffer containing 1% polymerized bovine 

serum albumin and incubated with rabbit antihuman poly-clonal antibody against GRPR 

(PA5–256791; Thermo Fisher Scientific). After being washed with phosphate-buffered 

saline, each section was incubated with horseradish peroxidase–conjugated antirabbit IgG 

for 60 min at room temperature. Diaminobenzidine was used as the chromogen, and 

hematoxylin and eosin counterstaining was performed. The stained slides were examined 

using a light microscope (BX41; Olympus). For semiquantification of GRPR expression, 5 

entire high-power fields (×40) containing clusters of malignant cells were identified 

randomly per slide and scored for intensity and percentage of GRPR staining. The procedure 

was repeated by 2 independent, experienced examiners.

RESULTS

Safety and Biodistribution

No subjective effects were reported by any of the healthy volunteers or patients after 

injection of 68Ga-BBN. No adverse events or obvious changes in vital signs or clinical 

laboratory test results occurred after injection.

Table 2 shows the biodistribution of 68Ga-BBN in healthy volunteers. It cleared quickly 

through the kidneys, with 17.3% ± 1.35% of the total injected radioactivity observed in the 

urine at 30 min after injection. Accumulation was highest in the pancreas, with an SUVmean 

of 17.15 ± 3.00 at 30 min after injection because of the high expression of GRPR (41). The 

spleen and liver had moderate uptake, with respective SUVs of 1.58 ± 0.36 and 1.43 ± 0.26 

at 30 min after injection. Uptake was quite low in the skeleton, lungs, mediastinum, and 

thorax, including the breast. In particular, the brain had a very low background signal, which 

facilitated lesion detection (Fig. 1).

Absorbed Dose

Table 3 shows the estimated absorbed dose of 68Ga-BBN for each organ as derived from 

PET/CT images of healthy volunteers. Because of the high accumulation of radioactivity in 

the urinary bladder, it had the highest absorbed dose: 0.307 ± 0.356 mSv/MBq. 

Radioactivity in the urinary bladder also affected neighboring organs such as the uterus and 

testes, which showed relatively higher absorbed doses than the other organs. The whole-

body absorbed dose was 0.00150 ± 0.00029 mSv/MBq, with an effective dose of 0.0276 

± 0.0066 mSv/MBq.

68Ga-BBN PET/CT

All 12 patients in this study had at least one brain lesion as diagnosed by MRI, and 68Ga-

BBN PET/CT identified all 14 lesions in the 12 patients. All patients underwent open 

surgery within 1 wk after PET/CT, and glioma was confirmed in all by the final pathologic 

evaluation: WHO grade I optic pathway glioma in three, WHO grade I ventricular 
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ganglioglioma in one, WHO grade II supratentorial glioma in three, WHO grade III 

supratentorial glioma in three, and WHO grade IV glioblastoma multiforme in two (Table 

3).

At 30 min after administration of 68Ga-BBN, all lesions showed prominent tracer 

accumulation with excellent contrast from surrounding normal brain tissue. The lesion 

location matched that on MRI well. In some cases, signal intensity within the tumor area 

was heterogeneous (Fig. 2). Quantitative analysis gave an SUVmax and SUVmean of 2.08 

± 0.58 and 1.32 ± 0.37, respectively, for the 14 lesions. Tumor-to-background ratios based 

on SUVmax and SUVmean were 24.0 ± 8.85 and 13.4 ± 4.54, respectively. No significant 

difference in SUV was found between lesions of different WHO grades.

Correlation with GRPR Expression

Immunohistochemical staining showed positive GRPR expression in all 14 glioma samples 

(Fig. 2). As shown in Figure 3, there was a significant positive correlation between SUV 

from 68Ga-BBN PET/CT and expression level of GRPR (r2 = 0.71, P < 0.001, for SUVmax 

and r2 = 0.54, P < 0.01, for SUVmean).

DISCUSSION
68Ga is a positron-emitting radionuclide produced by a generator rather than a cyclotron. An 

in-house 68Ge/68Ga generator offers high positron yield (89%), easy access, and low cost 

(42). Because of the 67.6-min physical half-life of 68Ga, patients may be exposed to less 

radiation with 68Ga than with longer-lived PET isotopes, but overall radiation exposure is 

also affected by biologic half-life, distribution profile, and positron energy. Our study 

found 68Ga-BBN to be safe and well tolerated in all subjects. The 130-MBq typically 

administered activity of 68Ga-BBN resulted in a whole-body effective dose of 3.58 mSv, 

which is much lower than the limit set by the Food and Drug Administration (43). In healthy 

volunteers, a bladder void time of 60 min was assumed for dosimetry calculations, and in 

glioma patients, a 30-min time point was used for PET acquisition. If a 30-min void time 

were to be used, the whole-body dose would decrease dramatically. All these data confirm 

the safety of 68Ga-BBN for further clinical applications.

Sharing the same sequence as the C-terminal region of human GRPR, BBN(7–14) has been 

extensively investigated in preclinical studies to visualize GRPR expression (16,44,45). In 

all healthy volunteers, we observed rapid renal clearance and extremely low tracer uptake in 

normal brain tissue, which facilitates lesion detection. Indeed, all gliomas showed good 

uptake of 68Ga-BBN, with tumor-to-nontumor ratios of 24.0 ± 8.85. The high pancreas 

uptake until 60 min indirectly confirms the specificity of 68Ga-BBN. The low uptake in 

normal brain tissue indicates that 68Ga-BBN cannot penetrate the blood–brain barrier, but 

the relatively high accumulation of 68Ga-BBN within tumors does suggest disruption of the 

blood–brain barrier. However, the exact weighting of blood–brain barrier disruption on 

tracer uptake needs further investigation. Another issue of BBN-based tracers is metabolic 

stability (29). With the same peptide sequence, we have confirmed that around 20% of tracer 

remains intact in the circulation at 60 min after injection and that around 50% of intact tracer 
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is found within tumors (18). To minimize the interference of metabolites in lesion detection 

and data interpretation, we chose the 30-min time point for image acquisition.

GRPR was detected in all glioma samples, as is consistent with the pathologic findings 

reported previously (10). 68Ga-BBN accumulation was higher in all these GRPR-positive 

tumors than in the surrounding normal brain tissues. In addition, the PET-determined SUVs 

correlated significantly with GRPR expression as evaluated by immunohistochemical 

staining (Fig. 3). Previously, in a study of dynamic PET imaging using 68Ga-BBN and 

compartmental analysis in 7 patients with recurrent glioma, Strauss et al. found that the 

parameter k1 correlates with expression of GRPR based on gene array data (46). We can 

reasonably predict that besides being used for lesion detection, 68Ga-BBN PET will be 

useful as a noninvasive marker to evaluate GRPR expression for patient screening before 

GRPR-targeted therapy. 68Ga-BBN PET will also be useful to guide drug development and 

monitor therapy response.

Clear definition of the tumor–nontumor margin is important because the extent of tumor 

resection is a proven independent factor in overall survival, especially for high-grade glioma. 

Biopsy and postmortem studies have shown that gliomas extend farther than can be 

determined using conventional imaging techniques such as CT and MRI (47). Currently, 5-

aminolevulinic acid fluorescence is widely used for intraoperative guidance in high-grade-

glioma surgery. However, low uptake in low-grade glioma and a high negative predictive 

value in glioblastoma multiforme are major drawbacks of this strategy (48). In one study 

(10), 68Ga-BBN showed high uptake by both high- and low-grade gliomas because positive 

GRPR staining was prevalent in patient tumor samples of both high- and low-grade gliomas 

and uptake in normal brain was low (SUV, 0.10 6 0.03). Positive GRPR staining was also 

confirmed in all tumor samples of the current study. Therefore, it is highly probable 

that 68Ga-BBN PET can be applied to delineate tumor from surrounding normal brain tissue. 

This tracer might also be used to differentiate radiation-induced necrosis from real 

progression or recurrence of glioma. All these potential applications warrant further 

investigation of 68Ga-BBN PET in glioma patients.

CONCLUSION
68Ga-BBN is a safe PET tracer with a favorable biodistribution and dosimetry profile. 68Ga-

BBN PET has potential value in both high-grade glioma and low-grade glioma as a 

biomarker of GRPR expression. Noninvasive PET/CT using 68Ga-BBN is expected to play a 

part in lesion detection, patient screening, and therapy response monitoring of GRPR-

targeted therapy.
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FIGURE 1. 
(A) Schematic structure of 68Ga-BBN. (B) Representative maximum-intensity-projection 

torso images of healthy volunteer at different time points after intravenous injection of 68Ga-

BBN. Main regions with prominent 68Ga-BBN uptake are pancreas, kidneys, urinary ducts, 

and bladder.
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FIGURE 2. 
Representative 68Ga-BBN PET/CT images (left), MR images (middle), and 

immunohistochemically stained tissue samples (right) of patients with gliomas of different 

grades. (A) A 5-y-old girl with space-occupying lesion in cerebellar lobe diagnosed as 

pilocytic astrocytoma, WHO grade I. Lesion had SUVmax of 2.35 and SUVmean of 1.31, 

showed enhancement on T1-weighted MRI, and stained positively for GRPR. (B) A 4-y-old 

girl with multiple space-occupying lesions diagnosed as WHO grade II astrocytoma. Lesions 

had SUVmax of 2.05 and SUVmean of 1.45, were identified by contrast-enhanced T1-
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weighted MRI, and stained positively for GRPR. (C) A 14-y-old boy with space-occupying 

lesion in thalamic connections of temporal lobe diagnosed as WHO grade III anaplastic 

oligoastrocytoma. Lesion had SUVmax of 1.98 and SUVmean of 1.08, showed enhancement 

on T1-weighted MRI, and stained positively for GRPR. (D) A 44-y-old man with space-

occupying lesion in left temporal lobe diagnosed as WHO grade IV glioblastoma 

multiforme. Lesion had SUVmax of 1.95 and SUVmean of 0.98, showed enhancement on T2-

weighted MRI, and stained positively for GRPR.
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FIGURE 3. 
Correlation of SUVmax (A) and SUVmean (B) as determined by 68Ga-BBN PET with GRPR 

expression level as determined by immunohistochemical staining (r2 = 0.71, P < 0.001, for 

SUVmax and r2 = 0.54, P < 0.01, for SUVmean).
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TABLE 3

Estimated Absorbed 68Ga-BBN Dose in Healthy Volunteers

Organ

mSv/MBq

Mean SD

Adrenals 0.00021 0.00004

Brain 0.00001 0.00001

Breasts 0.00004 0.00002

Gallbladder wall 0.00053 0.00013

Lower large intestine wall 0.00566 0.00121

Small intestine 0.00228 0.00057

Stomach wall 0.00032 0.00001

Upper large intestine wall 0.00174 0.00044

Heart wall 0.00017 0.00001

Kidneys 0.00058 0.00013

Liver 0.00032 0.00006

Lungs 0.00009 0.00003

Muscle 0.00139 0.00025

Ovaries 0.00530 0.00124

Pancreas 0.00105 0.00015

Red marrow 0.00098 0.00022

Osteogenic cells 0.00058 0.00011

Skin 0.00050 0.00001

Spleen 0.00032 0.00007

Testes 0.01000 —

Thymus 0.00159 0.00177

Thyroid 0.00004 0.00001

Urinary bladder wall 0.30700 0.35559

Uterus 0.01310 —

Total body 0.00150 0.00029

Effective dose equivalent 0.03350 0.00790

Effective dose 0.02760 0.00660
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