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AB001, a prostate-specific membrane antigen (PSMA)–targeted small
molecule labeled with the in vivo–generating a-emitter 212Pb, was
investigated in a phase 0 trial in patients with metastatic castration-
resistant prostate cancer (mCRPC). The primary objective was to
explore the feasibility of g-camera imaging to assess biodistribution
and uptake in metastatic lesions. Methods: Three patients with pro-
gressive mCRPC and Eastern Cooperative Oncology Group perfor-
mance status 1 were included, having prostate-specific antigen levels
of 0.44, 0.75, and 15 mg/L. All had at least 3 PSMA-expressing meta-
static lesions, with an SUVmax range of 10.1–77.4 on PSMA PET. Each
patient received a microdose of 9.4 6 0.3 MBq of AB001 intrave-
nously. Planar g-camera and SPECT/CT imaging was scheduled 1–3 h
and 16–24 h after administration. Whole-body clearance was assessed
with NaI probe measurements. Activity of 212Pb in whole blood and
plasmawas measured to investigate clearance from blood and in vivo
stability of the ligand. Safety, tolerability, and efficacy biomarkers
(prostate-specific antigen, alkaline phosphatase) were followed for
28 d. Results: AB001 uptake in the lesion with the highest PSMA
expression, a retrocaval lymph node metastasis with a short-axis
diameter of 11 mm, was visualized on SPECT. Uptake of AB001 was
not clearly demonstrated for other metastatic lesions, possibly
because of the lower PSMA expression of these metastases on
PSMA PET, combined with the administered AB001 microdose and
imaging system limitations. Kidney, urinary bladder with contents,
and liver uptake of AB001 were clearly distinguishable from adjacent
tissue, and the blood pool content was seen. Salivary glands were
not visualized. Blood analyses indicated stability of AB001 after injec-
tion, and whole-body probe measurements demonstrated an effec-
tive half-life of 8 h. There were no complications related to injection of
AB001 or adverse reactions during follow-up. As expected for a
phase 0 study, there was no indication of therapeutic effects as
assessed by prostate-specific antigen and alkaline phosphatase.
Conclusion: The 212Pb-based radioligand AB001 was safely admin-
istered to mCRPC patients. g-camera imaging of AB001 was feasible,

even at a microdose, and demonstrated metastatic targeting, albeit
for only 1 lesion. The promising biodistribution and clearance encour-
age further clinical investigation.
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Patients with metastatic castration-resistant prostate cancer
(mCRPC) still have unmet treatment needs and a poor prognosis
on progressive disease (1). Prostate-specific membrane antigen
(PSMA) is commonly overexpressed in prostate cancer, with
expression increasing in advanced mCRPC, and limited expression
in extraprostatic tissues. Exploiting these properties, PSMA-
targeted theranostics have emerged and demonstrated promising
clinical results (1). The b-emitting therapy [177Lu]Lu-PSMA-617
(177Lu-vipivotide tetraxetan; Pluvicto [Novartis]) has demonstrated
improved overall survival and radiographic progression-free survival
in advanced mCRPC, yet 30%–50% of patients do not respond to
treatment (2). Interest in a-radioligand therapy has increased in
recent years (3,4), with early clinical data for PSMA-targeted
a-radioligand therapies indicating promising anticancer activity in
mCRPC, importantly including some cases unresponsive to b-emitting
treatments (5–7).

225Ac-PSMA–targeted treatments are the most extensively stud-
ied a-radioligand therapies; however, 213Bi-PSMA has also been
studied clinically (8,9). 212Pb is an in vivo a-particle generator,
with physical decay properties fitting well with the rapid tumor
uptake achievable from small-molecule or peptide-targeting agents.
Furthermore, 212Pb is a generator-based radionuclide suitable for
large-scale production (10). In preclinical studies, a new [212Pb]Pb-
PSMA–targeting ligand, AB001 (formerly 212Pb-NG001), showed
good tumor uptake, inhibited tumor growth, and had lower kidney
uptake than 212Pb-labeled PSMA-617 (11,12).
Direct imaging of treatments relying on a-emissions is chal-

lenging because of the relatively small amounts of activity used,
most often a low intensity of sparse g-emissions, and sometimes
down-scatter from high-energy g-emissions (13). 212Pb decays to
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the a-particle emitter 212Bi via b-particle emission with a half-life
of 10.64 h (Fig. 1). A g-emission of 238.6 keV with an intensity
of 43.6% and x-rays (74–90 keV) with a total intensity of 33.5%
are emitted in the decay to 212Bi (14). Initial clinical imaging of a
therapeutic amount of activity of other 212Pb-based therapies has
been demonstrated in a small study using planar scintigraphy and
in 2 case studies using SPECT imaging (15–17).
This phase 0 first-in-human study of AB001 in patients with

mCRPC was designed to explore the feasibility of g-camera imag-
ing after a 10-MBq microdose, investigate biodistribution and met-
astatic lesion uptake, and evaluate assessed safety, activity, and
clearance.

MATERIALS AND METHODS

Study Design
This was a single-site, open-label, nonrandomized, noncontrolled

interventional first-in-human phase 0 study conducted at Oslo Univer-
sity Hospital. Eligible patients were at least 18 y old with progressive
mCRPC on standard-of-care treatment and PSMA-expressing mCRPC
lesions confirmed by [18F]F-PSMA PET/CT. Other inclusion criteria
included an Eastern Cooperative Oncology Group performance status
of 0–2 (18), life expectancy of more than 6 mo, pathologic confirma-
tion of prostate carcinoma, and adequate organ and bone marrow func-
tion. Exclusion criteria included concurrent cancer diagnosis or
another cancer diagnosis within the last 2 y, concomitant diseases not
compatible with radionuclide therapy, and prior PSMA-targeted radi-
oligand therapy.

Baseline assessment included demographics, medical history, labo-
ratory tests, and physical examination. Safety, tolerability, and efficacy
biomarkers (prostate-specific antigen, alkaline phosphatase) were fol-
lowed up for 28 d after administration of AB001. Common Terminol-
ogy Criteria for Adverse Events, version 5.0, were used to grade
treatment-emergent adverse events. The study was approved by the
institutional review board, the Regional Ethical Committee, and the
Norwegian Medical Products Agency. Eligible patients gave written
informed consent before inclusion in the study.

Investigational Medicinal Product
AB001 is a small-molecule PSMA-targeting radioligand (previously

referenced as 212Pb-NG001) using a tetra-carbamoylmethyl cyclodo-
decane chelator to conjugate 212Pb (11,12). 212Pb was obtained from a
228Th/212Pb radionuclide generator based on the radon gas diffusion
principle (19) at more than 99.99% purity as measured by high-purity

germanium detector. A 212PbCl2 solution at 15–20 MBq/mL was
transferred to a single radiolabeling vial, pH was adjusted using
sodium acetate, and AB001 ligand was added before mixing at room
temperature for 10–15 min. The resultant radiolabeled AB001 was dis-
solved in 0.9% NaCl with a 5 mg/mL solution of human serum albu-
min buffered with sodium acetate to a pH of 4.5–6.5. The final
investigational medicinal product comprised 1.5–1.7 MBq of 212Pb
and 2.0 mg of AB001 ligand per milliliter. Between 5.5 and 6.6 mL
were used for intravenous injection; 9.4 6 0.3 MBq of AB001 (9.6,
9.5, and 9.0 MBq for patients ID01, ID02, and ID03, respectively) and
a maximum 13 mg of ligand were administered.

PSMA PET/CT
[18F]F-PSMA PET/CT was performed at baseline to assess the pres-

ence of PSMA-expressing mCRPC lesions, defined by an image signal
at least 3 times that of adjacent normal tissue. Each patient had a
[18F]F-PSMA PET/CT scan within 5 wk of investigational medicinal
product administration performed on a GE HealthCare Discovery MI
(patient ID01) or a GE Healthcare Discovery 690 (patients ID02 and
ID03) PET/CT scanner. A routine protocol was applied, with patients
fasting for approximately 4 h before intravenous injection of 200–252 MBq
of 18F-PSMA-1007 and image acquisition from the vertex to the upper
thigh about 2 h after injection (20). QClear (GE HealthCare) with
b-factor 500 was used for PET image reconstructions. SUVmax and
SUVmean were assessed by isocontouring of lesions at 40% of SUVmax

or by volumes of interest for normal tissue using a Siemens SyngoVia
workstation (version VB60A_HF01).

g-Camera Imaging
g-camera imaging was performed approximately 2 h (day 0) and

18–20 h (day 1) after AB001 injection on a Siemens Symbia Intevo
Bold SPECT/CT device with high-energy collimators. For both planar
images and SPECT images, 2 energy windows were acquired simulta-
neously, a 40% window centered on 79 keV and a 20% window
centered on 239 keV, with dual scatter windows of 20% and 5%,
respectively. The planar images were acquired with a scan speed of
0.5–1.2 mm/s on both days, and the 2 energy windows were summed.
The SPECT images were acquired for 20–40 min per bed position,
with body contouring orbits, a 256 3 256 matrix, and 60 views, with
acquisition during steps. The SPECT images were reconstructed with
Flash3D (AutoRecon), with 30 iterations and 2 subsets for day 0
images and 30 iterations and 1 subset for day 1 images. Triple-energy-
window scatter correction, attenuation correction based on the CT, an
8.4-mm gaussian filter, and 12-mm scatter filters were applied. A
frame artifact in the axial view was erased from all images to improve

visualization. CT was performed with 130 kVp
and 25 mA.

Qualitative visual assessment of g-camera
images considered AB001 uptake in liver,
kidneys, spleen, salivary glands, small bowel
including contents, urinary bladder including
contents, bone marrow, and metastatic lesions,
in addition to blood pool. The criterion for vis-
ibility was that the structures should be clearly
distinguishable from adjacent tissues (diffuse
signal in an area corresponding to the organ
was not sufficient). Assessment of the blood
pool focused on the heart and large vessels in
the mediastinum.

Blood and Whole-Body (WB) Probe
Activity Measurements

WB probe measurements and activity
measurements from blood samples were

FIGURE 1. Decay scheme for 212Pb, including photon emissions with energies higher than 70 keV
and intensities larger than 3% (all photon intensities given per 212Pb decay). 212Pb emits 1 a-particle
per decay via its daughter 212Bi. Most imageable photons are emitted in decay to 212Bi. High-energy
emission of 2.6 MeV from 208Tl has intensity of 36% per 212Pb decay and causes significant scatter
that can degrade 212Pb images. (Data reference: NuDat [National Nuclear Data Center, Brookhaven
National Laboratory, United States].)
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acquired at 4 postinjection time points: 0–0.5, 1–2, 4–6, and 17–20 h. For
patient ID03, a fifth probe measurement was obtained 2.4 h after injection.
WB Probe. Activity measurements were conducted with a Ther-

moFisher Scientific RadEye SX with an attached scintillation detector,
over 60 s at a fixed distance of more than 1 m between the patient and
the detector. The results were fitted with a monoexponential curve to
estimate the effective WB half-life of the drug.
Blood Samples. One milliliter of whole blood was extracted from

the blood sample, before the remaining blood was centrifuged and
1 mL of plasma was extracted. Both samples were measured on a
well counter (Hidex Automatic g-counter) with an energy window of
55–300 keV to estimate 212Pb activity. The samples were measured
more than 12 h after blood sampling for 40 min. The samples were
weighed and converted to volumes assuming densities of whole blood
and plasma to be 1.06 and 1.03 g/mL, respectively (21). The activity concen-
trations in plasma and whole blood (Aplasma and Awhole blood, respectively)
were used in combination with hematocrit (HCT) to estimate the activity
concentration in red blood cells (ARBC) according to

ARBC Tð Þ5Awhole blood Tð Þ2ð12HCTÞ3Aplasma

HCT
: Eq. 1

RESULTS

Patient Characteristics, Investigational Medicinal Product
Administration, and Safety Assessments
Three patients were enrolled in the study between March and

April 2023 and completed all study procedures. There were no
screening failures. All patients had progressive mCRPC on the
androgen receptor pathway inhibitor enzalutamide (Table 1).
All participants experienced at least 1 treatment-emergent adverse

event (Supplemental File 1; supplemental materials are available at
http://jnm.snmjournals.org). All treatment-emergent adverse events
were nonserious, Common Terminology Criteria for Adverse Events
grade 1 or 2, and considered unrelated to AB001.

Imaging Results
The baseline [18F]F-PSMA PET/CT images confirmed patient

eligibility (Fig. 2) and were used to derive SUVs for normal tis-
sues (Supplemental File 2) and lesions.
The planar g-camera images (Fig. 2) or SPECT/CT images

allowed visualization of activity in kidneys, liver, blood pool, or
urinary bladder including contents (Table 2; separate assessments
for planar and SPECT images in Supplemental File 2). Some

tissues were outside the SPECT field of view at 1 time point: ID01
mediastinal blood pool and salivary glands at day 1, ID02 urinary
bladder including contents at day 1, ID03 urinary bladder includ-
ing contents at day 0.
One retrocaval lymph node could be clearly distinguished by

SPECT imaging after administration of AB001 (Fig. 3). This
lesion had the highest SUVmax, 77. The other lesions had an
SUVmax of approximately 10–30 from the PSMA PET (Table 3).

WB Probe Measurements and Blood Samples
The WB probe measurement results are presented in Figure 4.

The average effective half-life to the pooled results from the
3 patients was estimated to be 8.0 h, with a 95% CI of 7.3–8.7.

TABLE 1
Patient Characteristics at Baseline

Biomarker

Patient Age (y)
Time since
diagnosis (y) ECOG PSA ALP

Prior treatment for prostate
cancer Comorbidity

ID01 81 18 1 0.75 64 RALP, SP, HTx, BT, ARPI, EBRTp AF, HT, HC, SN, AP, OP, HH

ID02 73 8 1 0.44 134 HTx, EBRTx, CTx, EBRTp, ARPI CP, AMD

ID03 89 14 1 15 101 HTx, EBRTx, BT, ARPI HT

ECOG 5 Eastern Cooperative Oncology Group score of performance status; PSA 5 prostate-specific antigen; ALP 5 alkaline
phosphatase; RALP 5 robot-assisted laparoscopic prostatectomy; SP 5 sphincter prosthesis; HTx 5 antihormonal therapy;
BT 5 bisphosphonate therapy; ARPI 5 androgen-receptor-pathway inhibitor; EBRTp 5 palliative local external-beam radiation therapy;
AF 5 atrial fibrillation; HT 5 hypertension; HC 5 hypercholesterolemia; SN 5 sensory neuropathy; AP 5 sleep apnea; OP 5 osteoporosis
with skeletal fractures; HH 5 hiatus hernia with esophagitis; EBRTx 5 external-beam radiation therapy for localized prostate cancer;
CTx 5 chemotherapy; CP 5 columna prolapse; AMD 5 age-related macular degeneration.

FIGURE 2. SPECT and planar g-camera imaging of AB001: biodistribu-
tion compared with baseline 18F-PSMA PET for patients ID01 (A), ID02 (B),
and ID03 (C). SPECT images show maximum-intensity projections with
scaling of 0–maximum for each patient. PET images show maximum-
intensity projections with scaling of 0–20 SUVmax. WB g-camera images
are summed with scaling of 0–maximum.
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The activity concentration of 212Pb was consistently higher in
plasma than in whole blood—1.7 times higher on average, with an
SD of 0.1 (Fig. 4). The activity concentrations in red blood cells cal-
culated from Equation 1 were below zero for all but one blood sam-
ple, indicating no activity accumulation of 212Pb in red blood cells.

DISCUSSION

In this phase 0 study of AB001, a 212Pb-PSMA–targeted radioli-
gand, we demonstrated that g-camera imaging was feasible even
at a microdose of approximately 10 MBq. This provided a first

indication of the biodistribution and normal-tissue uptake for
AB001 and gave evidence of targeting of metastatic mCRPC. No
complications related to administration or adverse reactions during
follow-up were reported. These results warrant further clinical
investigation of AB001 at therapeutic activity levels and provide
important information for the design of future studies.
The g-camera imaging performed after administration of AB001

demonstrated distinguishable uptake in kidneys and urinary bladder
contents, in accordance with the expected excretion pattern from the
preclinical investigations (12). Assessments of liver and blood pool
were more challenging using the defined interpretation criteria;
although uptake was not necessarily clearly distinguishable, the over-
all image patterns demonstrated diffuse activity areas indicating the
presence of the radiopharmaceutical (Fig. 2; Table 2). Planar and
SPECT imaging have complementary properties; hence, the normal-
tissue results were presented combined. However, SPECT has an
advantage when separating small lesions from surrounding tissue, as
exemplified by detection of the lymph node metastasis (1.1-cm short
axis) illustrated in Figure 3.
For PSMA-targeted radiotherapeutics, the kidneys, red bone

marrow, salivary glands, and lacrimal glands are often considered
organs at risk (9). PSMA expression in the salivary glands typi-
cally results in substantial uptake for PSMA-targeted radiopharma-
ceuticals. Salivary gland toxicity (xerostomia) is common for
PSMA radiotherapeutics, affects patient quality of life, and may
be irreversible and dose-limiting for some 225Ac-based therapies
(22). In this study, uptake in the salivary glands was not seen.
Visualization of structures may, however, be affected by the lim-
ited spatial resolution of 212Pb images and the low amounts of
activity administered. Furthermore, factors such as geometry of
structures, patient anatomy, and movement will impact the visuali-
zation probabilities. Many of these aspects are virtually unex-
plored in a-emitter studies, and imaging of such limited amounts
of activity pushes the boundaries of what is feasible with current
technology. The effects are more pronounced for smaller struc-

tures, as previously investigated in a 212Pb
phantom study (23) and illustrated in
Figure 5. However, the parotid glands are
of sufficiently large volume for potential
AB001 uptake to possibly be visualized.
Assuming that AB001 uptake can be trans-
lated from the PSMA PET SUVs, the
parotid gland of patient ID03 can, for
instance, be estimated to have an uptake of
2.3 kBq/mL (corresponding to a PSMA
PET SUVmean of 19.8 for the 62-kg patient
and a decay-corrected injected activity of
9 MBq of 212Pb). Assuming equal parotid
uptake for AB001 and 18F-PSMA-1007,
the expected SPECT image contrast of the
gland would be slightly higher than that of
the small visible lymph node lesion (Fig. 5).
This suggests that parotid salivary gland
uptake may be lower for AB001 than for
18F-PSMA-1007. AB001 has the same
PSMA-binding moiety as PSMA-1007
and PSMA-617 but a differentiated linker
and chelator (11). These features of ligand
design should result in a slightly more
hydrophobic compound than PSMA-617,
which may reduce and slow the rate of

TABLE 2
Visual Assessments for Presence of 212Pb-Labeled PSMA-

Targeting AB001 in Normal Tissues

Tissue
Patient
ID01

Patient
ID02

Patient
ID03

Salivary glands N N N

Kidneys Y Y Y

Liver N N Y

Spleen N N N

Blood pool Y N Y

Bone marrow N N N

Small bowel including
contents

N N N

Urinary bladder including
contents

N* Y Y

*Limited bladder filling due to incontinence.
Both planar g-camera and SPECT images were considered,

and images were scored yes (Y) or no (N) if uptake was clearly
visible on either.

FIGURE 3. In patient ID03, retrocaval lymph node tumor metastasis (arrow) measuring 11 3 14 3

16 mm on CT (G and H), and with SUVmax of 77 on 18F-PSMA PET (A, B, and C). AB001 uptake was
demonstrated by 212Pb SPECT imaging at 4 h after administration (D, E, and F). Lymph node tumor
metastasis is seen in coronal slices (A, D, and G) and axial slices (B, C, E, F, and H). PET images are
scaled at 0–20 SUVmax, and SPECT images are scaled at 0%–150% of maximum of processed
images (scale, 0–42 counts). Frame scatter artifact was removed from 212Pb SPECT images during
postprocessing.
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nonspecific uptake of AB001 into the salivary glands, potentially
contributing to a lack of uptake observed on the images.
Estimation of absorbed dose to normal organs and tumors was

outside the scope of this 212Pb microdose feasibility study, which
assessed only 2 imaging time points. For future characterization of
AB001, g-camera imaging could be considered 2–3, 5, 12, 24, and
40 h after injection, corresponding to 1=3, 2=3, 11=2, 3, and 5 times
the effective 8-h half-life of the later clearance phase (24). If the
therapy is administered in the morning, the first 2 imaging time
points are easily feasible in a trial setting. However, the 12- and
40-h time points may be more practically challenging. The first of
these two may be moved earlier the same day, and the second to
the end of day 1 or the start of day 2. Furthermore, for dosimetry
based on 212Pb SPECT images, there will be a trade-off between
quantification accuracy and characterizing latter parts of the time–
activity curves. Hence, the optimal imaging schedule will also
depend on the administered activity. If 100 MBq are administered,
approximately 3 MBq would remain in the patient at 40 h after
injection. Accounting for some interpatient variation, this may be
pushing into the lower end of what can be quantified without risk-
ing overestimation (23), supporting an earlier final imaging time
point. If 200 MBq or more are administered, images acquired 48 h
after administration could potentially be quantified for dosimetry.
To support image-based dosimetry, blood samples should be col-
lected in future trials, also to investigate pharmacokinetic model-
ing as a basis for dosimetry. More blood sampling time points
should then be included, especially to better characterize the latter
part of the curve. Urine measurements could also be considered
both to support the WB clearance measurements and to validate
modeling and imaging results (4).
In this study, only 1 metastatic lesion was visualized with

AB001 uptake on postinjection SPECT/CT. Uptake of AB001 was
not demonstrated for the other metastatic lesions. This observation
may be attributed to the lower PSMA expression of these metasta-
ses due to tumor biology and limited size of metastases, combined
with the microdose of AB001 administered and imaging system
limitations. For example, an SUVmean of 6.2 for the seminal vesi-
cle lesion in patient ID01 corresponds to 0.6 kBq of 212Pb per
milliliter. The possible difference in expected visibility for such a

lesion, with a volume of 0.9 cm3, versus the visible lesion in
patient ID03 with a volume of approximately 2.2 cm3 and an
uptake level estimated to be 5.4 kBq/mL, is apparent (Fig. 5).
Although we believe the inclusion and exclusion criteria would
not diminish the generalizability of the drug for an mCRPC popu-
lation, the subtherapeutic dose of AB001 appropriate for a phase 0
imaging study made patient identification within a short recruitment
period challenging. Patients with rapidly progressing extensive
mCRPC were not recruited and instead were considered for 177Lu-
PSMA–targeted treatment. The 3 patients who were included had
progressive mCRPC that did not require urgent radioligand treat-
ment and had smaller lesions with lower PSMA expression. These
factors added further complexity to the considerable challenges of
lesion visualization.
AB001 was safely administered, with no related adverse reac-

tions observed during injection or follow-up. The evaluation of
activity in whole blood, plasma, and red blood cells indicated very
low to no activity concentration in red blood cells. As free 212Pb
in blood is subjected to bind to red blood cells (25), this implies a
very limited amount of 212Pb released from the chelator. Although
this should be further validated, the results indicate that AB001 is
a stable radioligand in vivo. The results also suggest a clearance
roughly similar to that for other PSMA-targeted radioligand thera-
pies (26). Similar renal kinetics could, in theory, imply a relatively
higher kidney-absorbed dose due to the shorter half-life of the
radionuclide 212Pb (27). However, nonclinical biodistribution stud-
ies measuring activity in normal tissues have characterized AB001
and included a direct comparison with 212Pb-PSMA-617 at 2 h
after injection, indicating lower kidney uptake for AB001 (11,12).
Furthermore, factors such as the short range of the emitted
a-particles may also reduce the actual kidney toxicity, and other
tissues may turn out to be limiting for a-emitter based treatments.
If salivary gland uptake of AB001 is relatively slow, this would fit
nicely with the 10.6-h half-life of 212Pb and might contribute to
beneficial kinetics, potentially reducing the salivary gland toxicity
commonly seen in PSMA-targeted radioligand therapies. To
address these points, AB001 needs to be investigated in further
clinical trials including both thorough safety evaluations and
dosimetry.

TABLE 3
mCRPC Lesion Assessment by PSMA PET and Planar g-Camera or SPECT

PSMA PET

Patient Lesion location Lesion size (cm) SUVmax SUVmean g-camera imaging (AB001 uptake)

ID01 Pubic bone NA 10.1 5.7 N

Bladder wall 2.8 3 1.3 3 1.7 15.9 9.0 N

Seminal vesicle 1.2 3 0.8 3 1.0 10.6 6.2 N

ID02 Sternum NA 28.6 14.7 N

Rib NA 30.9 20.6 N

Vertebra NA 18.9 11.3 N

ID03 Lymph node, retrocaval 1.1 3 1.4 3 1.6 77.4 45.0 Y*

Rib NA 17.4 11.1 N

Vertebra NA 13.6 8.0 N

*Visualized only on SPECT/CT.
NA 5 not applicable.
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As expected for a subtherapeutic 10-MBq administration of
AB001, there was no observed therapeutic effect by prostate-
specific antigen or alkaline phosphatase biomarker analysis. Esti-
mating the activity amounts of AB001 required for therapeutic
benefit is challenging, particularly because of the limited clinical
data available for 212Pb. Early clinical data on the therapeutic
effect of 212Pb-radioligands have been published only for a differ-
ent indication, SSTR2 analogs for treatment of neuroendocrine
tumors, which precludes direct comparison of activity levels.
Phase 1 and 2 studies of 212Pb-DOTAMTATE demonstrated a
57% objective response rate in 44 patients treated at 2.50 MBq/kg
(i.e., equivalent to 175 MBq for a 70-kg patient) administered
4 times in 8-wk cycles (28,29). For mCRPC, to date only
a-radioligand therapies using 225Ac have been extensively explored
(30); however, comparing dosage requirements between different

nuclides is also not straightforward. Early studies with 225Ac-
PSMA-617 or 225Ac-PSMA-I&T have reported an administered
activity per cycle ranging between 1.5 and 13 MBq (30), but no
optimized therapeutic activity has yet been established. The total
a- and b-energy emitted by 225Ac is 3.2 times higher than for
212Pb, and the half-life of 225Ac is much longer (10 d, compared
with 10.6 h for 212Pb). A simple estimate, based only on monoex-
ponential WB clearance and not organ uptake, and assuming the
same biologic half-lives, gives absorbed doses received with
225Ac-PSMA 11.2 times higher per administered activity than for a
212Pb-PSMA treatment. Hence, to test activity levels compared
with 225Ac-PSMA studies, one might start with activities of
approximately 100 MBq AB001 per administration over multiple
cycles. Future studies should aim to optimize the dosage of AB001
not only by exploring the optimal activity to administer per cycle
but also by investigating the optimal frequency of dosing given the

FIGURE 4. (A) WB activity as measured by NaI WB probe, after normali-
zation against administered activity, for 3 patients. Monoexponential curve
fit for each patient is included (solid lines). 212Pb activity pharmacokinetic
(PK) measurements are shown from whole blood (B) and plasma (C).

FIGURE 5. (A) Estimated activity concentrations of 212Pb for patient
structures overlaid on phantom-derived contrast map for small volumes
and low activity concentrations of 212Pb. Background color scale illus-
trates contrast as measured in spheric inserts in phantom with activity
concentrations down to 2 kBq/mL, imaging 212Pb with SPECT reconstruc-
tion settings as in clinical study. Contrast can be seen to increase with
activity concentration and volume. For patient SPECT images, some small
volumes were not visualized, such as tumors of patient ID01 and salivary
glands in all patients, whereas small tumor of patient ID03 was visualized.
Examples of these volumes have been added to panel. Activity concentra-
tion of 212Pb was estimated from PSMA PET SUVmean, decay-corrected
injected activity of 212Pb, and patient body weight. Although there are
uncertainties in these estimates of radioligand uptake, primarily related to
imaging time points and chemical differences in PET tracer and AB001,
relative positions of structures should roughly reflect probability for detec-
tion. Visual assessments in combination with phantom scan results can
therefore indicate that tumor–to–parotid gland uptake ratio of AB001 is
higher than that of PSMA PET tracer. Methods are described in Supple-
mental File 3. (B) Examples of phantom data. Background color scale in
(A) was constructed from these data. Top image shows central axial slice
of phantom image with activity concentration of 13 kBq/mL, and bottom
image is example with 2 kBq/mL. Middle image is CT of phantom setup.
(C) Baseline [18F]F-PSMA PET/CT scan from which example structures in
panel were extracted for patient ID03. (D) Background-subtracted
maximum-intensity projection (anterior view) of patient ID03 from SPECT
imaging after AB001, with axial sections through (E) cranium at level of
parotid glands and (F) lymph node metastasis. All patient SPECT images
are scaled with 0%–150% of maximum count in lymph node metastasis.
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relatively fast clearance of AB001 due to the short half-life
of 212Pb.

CONCLUSION

The 212Pb-PSMA–targeted radioligand AB001 was safely admin-
istered to mCRPC patients in this phase 0 study. g-camera imaging
was feasible but challenging at a microdose, and care should be exer-
cised in visual assessments of smaller structures. AB001 demon-
strated metastatic targeting, albeit for only 1 lesion in this limited
population. The biodistribution was promising, including potentially
low salivary gland uptake that warrants further exploration. AB001
constitutes a 212Pb-based treatment that merits investigation in a ther-
apeutic phase 1 clinical study.
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KEY POINTS

QUESTION: Is g-gamma camera imaging of 212Pb-based PSMA
radioligands for mCRPC patients feasible?

PERTINENT FINDINGS: Imaging of a microdose 10 MBq of the
212Pb-based PSMA-targeted radioligand AB001 was challenging
but feasible. Uptake was demonstrated in one 11-mm metastatic
abdominal lymph node lesion. The salivary glands were not visual-
ized, indicating relatively low uptake.

IMPLICATIONS FOR PATIENT CARE: AB001, a 212Pb-based
PSMA-targeted a-alpha radioligand therapy, should be investi-
gated in a therapeutic dose-finding clinical study.
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