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68Ga-labeled DOTA-4-amino-1-carboxymethyl-piperidine-D-Phe-Gln-

Trp-Ala-Val-Gly-His-Sta-Leu-NH2 (68Ga-RM2) is a synthetic bombesin
receptor antagonist that targets gastrin-releasing peptide receptor

(GRPr). GRPr proteins are highly overexpressed in several human

tumors, including prostate cancer (PCa). We present data from the
use of 68Ga-RM2 in patients with biochemical recurrence (BCR) of

PCa and negative findings on conventional imaging. Methods: We

enrolled 32 men with BCR of PCa, who were 59–83 y old (mean ± SD,

68.7 ± 6.4 y). Imaging started at 40–69 min (mean, 50.5 ± 6.8 min)
after injection of 133.2–151.7 MBq (mean, 140.6 ± 7.4 MBq) of 68Ga-

RM2 using a time-of-flight–enabled simultaneous PET/MRI scanner.

T1-weighted, T2-weighted, and diffusion-weighted images were ac-

quired. Results: All patients had a rising level of prostate-specific
antigen (PSA) (range, 0.3–119.0 ng/mL; mean, 10.1 ± 21.3 ng/mL)

and negative findings on conventional imaging (CT or MRI, and a
99mTc-methylene diphosphonate bone scan) before enrollment. The
observed 68Ga-RM2 PET detection rate was 71.8%. 68Ga-RM2 PET

identified recurrent PCa in 23 of the 32 participants, whereas the

simultaneous MRI scan identified findings compatible with recurrent

PCa in 11 of the 32 patients. PSA velocity was 0.32 ± 0.59 ng/mL/y
(range, 0.04–1.9 ng/mL/y) in patients with negative PET findings and

2.51 ± 2.16 ng/mL/y (range, 0.13–8.68 ng/mL/y) in patients with pos-

itive PET findings (P 5 0.006). Conclusion: 68Ga-RM2 PET can be

used for assessment of GRPr expression in patients with BCR of PCa.
High uptake in multiple areas compatible with cancer lesions sug-

gests that 68Ga-RM2 is a promising PET radiopharmaceutical for

localization of disease in patients with BCR of PCa and negative

findings on conventional imaging.
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Up to 40% of patients with prostate cancer (PCa) develop
biochemical recurrence (BCR) within 10 y after initial treatment

(1). A detectable or rising prostate-specific antigen (PSA) level
after initial therapy is considered BCR, or ‘‘PSA failure,’’ even

when there are no symptoms or signs of locally recurrent or met-
astatic disease (2). Usually, an increase in the PSA level precedes

clinically detectable recurrence by months to years (3). However,
it cannot differentiate between local, regional, or systemic disease

with the precision that is essential for further disease management.
Morphologic imaging methods exhibit considerable limitations:

sensitivity ranges between 25% and 54% for the detection of local
recurrence by transrectal ultrasound or contrast-enhanced CT and

is moderately improved by using functional MRI techniques (4).
The sensitivity of CT and MRI for detection of lymph node me-

tastases is reported to be 30%–80% (5). Multiparametric MRI is
improving PCa diagnosis (6). Using a scoring system based on a

combined evaluation of diffusion-weighted imaging, dynamic

contrast-enhanced imaging, and high-resolution T2-weighted im-
aging (7), the degree of suspicion on MRI strongly correlates with

the presence of PCa. However, multiparametric MRI has limita-
tions: about 20% of all index lesions are missed (8), the size of

high-grade cancers is underestimated (9), and about 40% of men
with normal MRI findings have PCa on biopsy (10).
Molecular imaging uses various targets to improve the detection

of recurrent PCa. 18F- or 11C-labeled choline and 11C-acetate were

investigated (11–13). 18F-FACBC was recently approved for the
detection of PCa recurrence, and tracers binding to the prostate-

specific membrane antigen (PSMA) continue to elicit high interest,
although none are yet approved by the Food and Drug Administra-

tion. These promising agents do not detect all recurrences (14,15)
and are not specific to PCa only (16,17). False-positives have also

been reported (18–20).
Consequently, improved imaging of BCR of PCa continues to be

an area of unmet clinical need. 68Ga-labeled DOTA-4-amino-1-
carboxymethyl-piperidine-D-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-

NH2 (68Ga-RM2) is a synthetic bombesin receptor antagonist that
targets gastrin-releasing peptide receptor (GRPr) (21). GRPr is

highly overexpressed in several human tumors, including PCa
(22), and has been detected in 63%–100% of PCa (23,24). Because

of the low expression of GRPr in benign prostate hypertrophy and
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inflammation (24), imaging of GRPr has potential advantages. In a
first pilot study comparing 68Ga-RM2 with 68Ga-PSMA-11 in
PCa, both compounds performed well (25).
PET/MRI is an advanced technology that provides both biologic

and morphologic information, with improvements over PET/CT
due to better soft-tissue contrast (26). In this study, we evaluated
68Ga-RM2 in patients with BCR of PCa and negative findings on
conventional imaging, using a state-of-the-art time-of-flight–enabled
simultaneous PET/MRI scanner.

MATERIALS AND METHODS

Study Population

The local Institutional Review Board and the Stanford Cancer Institute
Scientific Review Committee approved the protocol (ClinicalTrials.gov

identifier NCT02624518). Written informed consent was obtained from
all patients before they participated in the study.

To be included in the study, the participants had to meet 5 criteria.
The first was biopsy-proven PCa, and the second was a rising PSA

level after definitive therapy with either radical prostatectomy or

radiation therapy (external-beam or brachytherapy). If the definitive
therapy had been radical prostatectomy (the American Urological

Association recommendation (27)), the PSA level had to be at least
0.2 ng/mL—either in 1 measurement at least 6 wk after prostatectomy

or persistent 2 measurements .0.2 ng/mL, the first taken at least 6 wk
after surgery. If the definitive therapy had been radiation (American

Society for Radiation Oncology–Phoenix consensus definition (28)),
the PSA level had to have risen by at least 2 ng/mL over the nadir.

The third inclusion criterion was no evidence of metastatic disease on
conventional imaging, including a bone scan negative for skeletal metas-

tasis and negative findings on contrast-enhanced CT or MRI. The
fourth criterion was the ability to provide written consent, and the

fifth was a Karnofsky performance status of at least 50 (or the Eastern
Cooperative Oncology Group/World Health Organization equivalent).

Patients were excluded from participation in the study if they were
less than 18 y old at the time of radiotracer administration; could not

provide informed consent, lie still for the entire imaging time, or
complete any of the required investigational or standard-of-care

imaging examinations (e.g., severe claustrophobia or radiation pho-
bia); had any medical condition, serious intercurrent illness, or other

extenuating circumstance that the investigator believed might signif-
icantly interfere with study compliance; or had metallic implants

(contraindicated for MRI).

Preparation of 68Ga-RM2

The precursor, DOTA-4-amino-1-carboxymethylpiperidine-D-Phe-
Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2 (DOTA-RM2), was obtained

from ABX GmbH. A 68Ga-labeling kit including eluent (concentrated
NaCl/HCl solution), sodium acetate reaction buffer, ethanol (50% in

water), and saline (0.9%) was obtained from Eckert and Ziegler Euro-
tope GmbH. Phosphate buffer concentrate (1 M Na1, 0.6 M PO3 2

4 )

for pH adjustment was obtained from B. Braun.
The radiosynthesis was conducted with a fully automated synthesis

device (Modular Lab PharmTracer; Eckert and Ziegler Eurotope
GmbH) using sterile single-use cassettes, as previously reported (25).

PET/MRI Protocol

No specific patient preparation such as fasting or hydration was

required before the 68Ga-RM2 scans. Imaging (vertex to mid thighs)
began 40–69 min (mean 6 SD, 50.5 6 6.8 min) after injection of

133.2–151.7 MBq (mean, 140.6 6 7.4 MBq) of 68Ga-RM2 using a
time-of-flight–enabled simultaneous PET/MRI scanner (SIGNA PET/

MR; GE Healthcare). The range of time from injection to start of imaging
was similar to guideline recommendations for other radiopharmaceuticals

evaluating PCa (29). The scan duration, which directly relates to the

patient’s height, ranged from 39 to 141 min (mean, 76.1 6 17.4 min).
Patient height ranged from 163 to 185 cm (5 ft 4 in to 6 ft 1 in) as detailed

in Supplemental Table 1 (supplemental materials are available at http://
jnm.snmjournals.org). In addition, one patient could not tolerate the entire

examination. The PET acquisition was performed in 3-dimensional mode
at 4 min/bed position (89 slices per bed position) for 5–9 bed positions.

An axial 2-point Dixon 3-dimensional T1-weighted spoiled gradient-echo
MR sequence was acquired at each bed position and used for generation

of attenuation correction maps and for anatomic registration of the PET
images. PET images were reconstructed using ordered-subset expecta-

tion maximization with 2 iterations and 28 subsets. Time-of-flight–
reconstructed images assumed a gaussian kernel of 400-ps width. The

Dixon MRI sequence and the PET acquisition started at the same bed
position and times, thus ensuring optimal temporal and regional corre-

spondence between the MRI and PET data. For attenuation correction, the
images were segmented into different tissue types with an anatomy-aware

algorithm and were coregistered to a CT atlas in the head region (30).
Also acquired at each bed position were a coronal T2-weighted single-

shot fast spin-echo sequence with variable refocusing flip angles and outer

volume suppression (31), a coronal diffusion-weighted sequence, and an
axial T1-weighted 2-point Dixon 3-dimensional spoiled gradient-echo

sequence. Spectral inversion at fat suppression was applied at every other

FIGURE 1. Relationship between results of 68Ga-RM2 PET and PSA

level (81% of patients with PSA . 1 ng/mL had positive scan findings)

(A) or PSA velocity (B).
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station. Because of the large prescribed field of view, each acquisition

covered 2 consecutive bed positions, allowing T2-weighted whole-
body images with and without fat suppression to be retrospectively

generated. Coronal diffusion-weighted imaging was performed using a
custom-developed 2-dimensional single-shot echo-planar imaging

sequence, with 2-dimensional spatial selectivity obtained by replacing
the conventional spectral–spatial excitation pulse with a 2-dimensional

radiofrequency pulse. T1-weighted images were acquired using an
axial 2-point Dixon 3-dimensional gradient-echo sequence (LAVA

Flex) provided by the manufacturer. In the thorax region, the MRI
scans were acquired during a breath-hold in shallow inspiration except

for diffusion-weighted imaging, which was always performed during
free breathing.

Image Analysis

Two board-certified nuclear medicine physicians with 12 and 7 y of

experience in interpreting PET studies reviewed the PET images using
MIMvista, version 6.2 (MIMvista Corp.). All areas of increased

radiotracer uptake in sites not expected to show physiologic accumu-
lation were reported as abnormal. Increased uptake was defined as a

focus of uptake higher than uptake in the adjacent background. 68Ga-
RM2 uptake in the gastrointestinal tract, liver, spleen, pancreas, kid-

neys, ureters, and bladder was considered physiologic. This approach
is similar to recently published guidelines for standard 68Ga-PSMA

image interpretation (32). The PET Edge tool available in the software
was used for evaluation of focal 68Ga-RM2 uptake outside the

expected biodistribution. The diameters of anatomic structures corre-
sponding to focal 68Ga-RM2 uptake were measured on T1-weighted

MR images.

Two board-certified radiologists (5 and 11 y of experience in

interpreting body MRI studies), masked to the results of PET or other
studies, evaluated the MR images for areas of abnormal signal and for

abnormal anatomic structures. The criteria for detecting a lesion were
visual conspicuity against the background on the diffusion-weighted

images and an anatomically corresponding abnormality on the T1- and
T2-weighted images.

RESULTS

We enrolled 32 men with BCR of PCa, who were 59–83 y old
(mean, 68.7 6 6.4 y). Before enrollment, they had shown negative
findings on multiple standard-of-care imaging studies (CT, MRI,
18F-NaF PET/CT, and 99mTc-methylene diphosphonate bone scan-
ning, as shown in Supplemental Table 1) despite PSA levels that had
risen from the nadir. The order of the standard-of-care imaging
studies was not controlled, and the interval between bone scanning
and anatomic imaging ranged from 0 to 28 d (mean, 3.5 6 7.1 d).
The time from conventional imaging to enrollment ranged from 1 to
45 d (mean, 26.7 6 12.7 d). The patients did not receive treatment
during this interval. The interval from BCR to the 68Ga-RM2 PET/
MRI scan ranged from 1 to 75 mo (mean, 21.8 6 19.5 d).
The patient characteristics are shown in Supplemental Table 1, and

the PET/MRI results and follow-up data are shown in Supplemental
Table 2. The patients were not being treated for PCa at the time of
enrollment. All tolerated the procedure without immediate or delayed
(#7 d) complaints or complications. The biodistribution of 68Ga-
RM2 was similar to previous reports (33,34).

68Ga-RM2 Uptake Outside the

Expected Physiologic Biodistribution

Nine scans had no focal 68Ga-RM2 up-
take outside the expected physiologic bio-
distribution. The remaining 23 scans had
high focal 68Ga-RM2 uptake that corre-
sponded on MRI to retroperitoneal lymph
nodes, bone marrow, mediastinal lymph
nodes, pelvic lymph nodes, seminal vesi-
cle, supraclavicular lymph nodes, mesen-
teric lymph nodes, liver, lung, or prostate
bed. These areas of high 68Ga-RM2 uptake
had an SUVmax of 13.4 6 8.3 (range, 2.6–
33.5) and an SUVmean of 6.7 6 3.9 (range,
1.7–16.1) above the background and were
easily identifiable given the minimal hep-
atobiliary clearance. The mean diameter of
lymph nodes with high 68Ga-RM2 uptake
was 1.3 6 0.8 cm (range, 0.4–2.9 cm).
The participants were followed for an

average of 17.1 6 5.2 mo (range, 3–25 mo)
after the 68Ga-RM2 scan. Of the 23 partici-
pants with findings on 68Ga-RM2 PET, 20
began treatment. Two participants continued
active surveillance, and a third declined the
offered treatment. Seven of the 23 68Ga-
RM2–positive cases had biopsies that con-
firmed the PET findings. Conversely, of the
9 participants with no findings on 68Ga-RM2
PET, 6 continued on active surveillance, 2
received treatment, and 1 was lost to follow-
up. Participants with findings on 68Ga-RM2

FIGURE 2. A 72-y-old man (participant 6) with PCa treated with radiation therapy and androgen

deprivation therapy at initial presentation (Gleason score, 3 1 4), now with BCR since 2013 and

rising PSA level (from 0.21 ng/mL initially to 3.7 ng/mL at time of scan). Maximum-intensity pro-

jection (left) and transaxial (top right) 68Ga-RM2 PET images show focal uptake (arrows) corre-

sponding to prostate bed on T1-weighted MRI (middle right) and fused PET/MRI (bottom right).

Focal uptake in prostate bed was confirmed by biopsy to represent recurrent adenocarcinoma.
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PET who underwent immediate active treatment generally had a
decrease in their PSA level, whereas participants who initially
remained under observation had an increase in their PSA level and
started treatment. All these details are presented in Supplemental
Table 2.

Relationship Between PSA Level and Scan Results

PSA levels were sampled at 21.4 6 10.8 d (range, 1–30 d)
before the scan and measured 10.1 6 21.3 ng/mL (range, 0.3–
119.0 ng/mL). In patients with negative PET findings, the PSA
level was 2.46 2.5 ng/mL (range, 0.3–6.7 ng/mL), and in patients
with positive PET findings, the PSA level was 13.2 6 24.5 ng/mL
(range, 1.1–119.0 ng/mL). This difference was not statistically
significant (P 5 0.20). Figure 1 shows the relationship of scan
positivity to PSA level and PSA velocity.

Relationship Between PSA Velocity and Scan Results

PSA velocity measured 1.89 6 2.1 ng/mL/y (range, 0.04–8.68
ng/mL/y): 0.32 6 0.59 ng/mL/y (range, 0.04–1.9 ng/mL/y) in

patients with negative PET findings and
2.51 6 2.16 ng/mL/y (range, 0.13–8.68
ng/mL/y) in patients with positive PET
findings. This difference was statistically
significant (P 5 0.006). Of the 9 pa-
tients with negative 68Ga-RM2 findings,
only 1 patient had a PSA velocity greater
than 0.3 ng/mL/y.

MRI Findings

Eleven of the 32 participants had findings
compatible with recurrent PCa on the MRI
component of PET/MRI. These findings
included lesions in the lymph nodes, pros-
tate bed, lung, and bone marrow. All were
also positive on 68Ga-RM2 PET. The remaining
21 participants had no abnormal findings
identified prospectively.
Examples of recurrent PCa are shown in

Figures 2–5.

DISCUSSION

To the best of our knowledge, our study was the largest to date to
prospectively evaluate 68Ga-RM2 in a series of patients with BCR
of PCa. In this population, with a mean PSA level of 10.1 ng/mL,
the detection rate observed on 68Ga-RM2 PET was 71.8%. 68Ga-
RM2 PET/MRI showed intense uptake in multiple subcentimeter-
sized pelvic, retroperitoneal, and mesenteric lymph nodes and in
lesions of the prostate bed, seminal vesicle, lung, liver, and bone
marrow that had not been identified on conventional imaging be-
fore enrollment. However, some of the lesions, such as lung nod-
ules, were outside the standard field of view for restaging of PCa
using anatomic imaging. The high uptake in the pancreas and
moderate uptake in the gastrointestinal tract are specific features
of 68Ga-RM2 biodistribution. The pancreas and gastrointestinal
tract express GRPr (35), and bombesin stimulates pancreatic se-
cretion, as well as gastrin and cholecystokinin release (36,37).
68Ga-RM2 PET identified recurrent PCa in 23 of the 32 participants
(71%), whereas the simultaneous MRI scan identified findings com-

patible with recurrent PCa in only 11 of the
32 participants (34%). Of the 9 68Ga-RM2–
negative patients, 2 had no evidence of dis-
ease during the follow-up period, 1 was lost
to follow-up and determination of clinical
disease was not possible, and 6 had false-
negative findings with subsequent clinical
disease. The percentage of patients with a
correct diagnosis (compared with clinical
outcome) was 80.1% (25/31). The confirmed
false-negatives were thus 16.1% (5/31). All
patients false-negative on 68Ga-RM2 were
also false-negative on MRI. There were no
patients with clinical disease who had pos-
itive MRI findings and negative 68Ga-RM2
findings.
The statistically significant difference

in mean PSA velocity between patients

negative on 68Ga-RM2 PET (0.32 6 0.59

ng/mL/y; median, 0.14 ng/mL/y) and patients
positive on 68Ga-RM2 PET (2.51 6 2.16

ng/mL/y; median, 1.95 ng/mL/y) reveals a

FIGURE 3. A 65-y-old man (participant 11) with PCa treated with radical prostatectomy at initial

presentation (Gleason score, 4 1 3), now with BCR since 2015 and rising PSA level (from 0.45 ng/

mL initially to 2.33 ng/mL at time of scan). Transaxial 68Ga-RM2 PET images (middle) show focal

uptake (arrows) corresponding to,5-mm pelvic lymph nodes on T1-weighted MRI (left) and fused

PET/MRI (right). PSA level decreased to ,0.05 ng/mL after pelvic radiation therapy targeting

these lymph nodes.

FIGURE 4. A 65-y-old man (participant 23) with PCa treated with radical prostatectomy, radi-

ation therapy, and androgen blockade at initial presentation (Gleason score, 31 5), now with BCR

since 2014 and rising PSA level (from 0.72 ng/mL initially to 3.4 ng/mL at time of scan). (A)

Transaxial 68Ga-RM2 PET image (middle) shows focal uptake (arrows) corresponding to liver

capsule on MRI (T1-weighted, left) and fused PET/MRI (right). MRI did not identify anatomic

lesion. (B) Follow-up MRI (left: T1-weighted; right: T2-weighted) done 4 mo later shows lesion

(arrows), which was biopsy-proven to represent metastatic adenocarcinoma of prostate origin.
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difference in pathology and potential prognosis and indicates that
PSA velocity may be a tool to decide which patients may show
positivity. The mean PSA velocity in patients positive on 68Ga-
RM2 PET was greater than 2 ng/mL/y, which has been shown to
be significantly associated with a decreased time to PCa-specific
and all-cause mortality, compared with 2.0 ng/mL/y or less (38). If
corroborated in a larger study, negative 68Ga-RM2 findings, even in
the face of an elevated PSA level, may indicate a patient with a
relatively benign prognosis for whom a watch-and-wait strategy is
indicated. Our preliminary follow-up data shown in Supplemental
Table 2 support this hypothesis.
To date, only 3 studies have reported the performance of 68Ga-

RM2 PET in BCR of PCa. Kähkönen et al. evaluated 68Ga-RM2
using PET/CT in 14 men with PCa; however, 11 of the 14 partic-
ipants were scanned for evaluation at initial diagnosis, and only 3 of
the 14 were scanned at BCR. In that study, the sensitivity was 88%
for detection of primary PCa and 70% for detection of lymph node
metastases (34). Other GRPr-targeting PET radiopharmaceuticals
have recently been reported in small cohorts, illustrating the attrac-
tiveness of this target for detection of PCa. Maina et al. evaluated
68Ga-SB3 in 8 patients with breast cancer and 9 patients with PCa
(39). 68Ga-SB3 did not produce adverse effects and identified cancer
lesions in 4 of 8 patients (50%) with breast cancer and 5 of 9
patients (55%) with PCa. An improved version of this radiophar-
maceutical, 68Ga-NeoBOMB1, is showing promising results in pre-
liminary studies (40,41).
In our study, 68Ga-RM2 showed high focal uptake in small lymph

nodes that had no MRI features compatible with metastatic disease.
Future larger studies will compare 68Ga-RM2 with multiparametric
MRI or one of the new PSMA PET radiopharmaceuticals for the
detection of metastatic PCa. The high performance of the time-of-

flight–enabled PET/MRI scanner (30) likely contributed to the iden-
tification of focal 68Ga-RM2 uptake in structures of nonpathologi-
cally increased size but outside the expected physiologic 68Ga-RM2
biodistribution. However, if there is no concern about pelvic recur-
rence, PET/CT is likely to yield results similar to PET/MRI with
shorter imaging times, especially when using the recently intro-
duced silicon-photomultiplier–based PET/CT scanners (42).
One limitation of our study was the small number of patients.

Another was the lack of correlation with pathology results for all
patients. However, of the 23 patients with findings on 68Ga-RM2
PET, pathology results were available for 7, all of whom were
confirmed to have recurrent PCa. In addition, given the small size
of many of the lymph nodes with focal uptake, accurate sampling
would not have been feasible in all cases. A third limitation—
which is expected in early evaluations of new radiopharmaceuticals—
was the heterogeneity in PSA levels and prior treatment regimens
at enrollment. Subsequent studies will investigate more homogeneous
patient populations.

CONCLUSION

We successfully used 68Ga-RM2 PET in a prospective study to
detect PCa lesions in patients with BCR of PCa and negative find-
ings on conventional imaging. High focal uptake in putative and
biopsy-proven sites of recurrent PCa in 23 of the 32 participants was
observed using time-of-flight–enabled simultaneous PET/MRI, and
68Ga-RM2 PET detected more lesions than MRI alone. Therefore,
we propose 68Ga-RM2 as a promising PET radiopharmaceutical for
localization of disease in such patients. Future work should explore
the role of 68Ga-RM2 in relationship to widely adopted PSMA PET
radiopharmaceuticals such as 68Ga-PSMA-11.
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