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treatment due to the high linear energy transfer and short path length of a-particles, which
enable precise tumor cell killing while sparing surrounding healthy tissue. Its elementally
identical theranostic partner, 203Pb, functions as a g-emitting surrogate for quantitative
SPECT imaging, providing essential information for patient-specific dosimetry and treatment
planning. Advances in SPECT imaging, ranging from NaI(Tl)-based dual-head systems to CZT
multi-detector gamma cameras, have enhanced spatial resolution, quantitative accuracy, and
lesion detectability, enabling rapid patient scanning and improved activity quantification for
dosimetry. Clinical dosimetry workflows that integrate serial 203Pb SPECT/CT acquisitions,
pharmacokinetic modeling, and image-based activity quantification facilitate reliable genera-
tion of time�activity curves and absorbed dose estimates. Organ-level and voxel-based
dosimetry, combined with advanced reconstruction and microdosimetric modeling, further
refine dose calculations, supporting individualized therapy planning. Collectively, these
developments highlight the translational potential of the 203Pb/212Pb theranostic pair. The
aim of this review is to provide a comprehensive assessment of 212Pb-TAT, encompass-
ing clinical applications, surrogate imaging with 203Pb, gamma camera performance,
dosimetry workflows, and predictive activity quantification, illustrating how these advan-
ces collectively enable quantitative, patient-specific, and theranostic-integrated radionu-
clide therapy.
Semin Nucl Med 55:1011-1031 © 2025 The Authors. Published by Elsevier Inc. This is an
open access article under the CC BY-NC license
(http://creativecommons.org/licenses/by-nc/4.0/)
Introduction

Targeted radionuclide therapy (TRT) has emerged as a
transformative modality in cancer treatment, leveraging
search Infrastructure (NuMeRI) NPC, Pretoria, South

lear Medicine, University of Pretoria, Steve Biko
l, Pretoria, South Africa.
ar Medicine, Shanghai Tenth People’s Hospital and
ar Medicine, Tongji University School of Medicine,

ear Medicine, Inselspital Bern University Hospital,
Bern, Switzerland.
sts to Keamogetswe Ramonaheng, Nuclear Medicine
cture (NuMeRI) NPC, NuMeRI Main Centre Steve
treet Capital Park, Pretoria, 0084. E-mail: kamo.
meri.co.za

3/j.semnuclmed.2025.09.006
e Authors. Published by Elsevier Inc. This is an open access a
ns.org/licenses/by-nc/4.0/)
radiopharmaceuticals to selectively deliver cytotoxic radia-
tion to malignant cells while minimizing exposure to sur-
rounding healthy tissues. This precision-based approach has
gathered increasing attention for its ability to achieve potent,
localized therapeutic effects. TRT is undergoing rapid
advancement, driven by the development of novel imaging
and therapeutic radiopharmaceuticals.1,2 These innovations
are reshaping the landscape of precision oncology and hold
the potential to markedly improve patient outcomes.3-16

Within this evolving field, targeted alpha therapy (TAT)
has gained considerable global interest due to the distinct
physical and biological advantages of a-particle emitters over
conventional b-particle radionuclide therapies.3,5,8,17-19

Alpha particles exhibit high linear energy transfer (LET) and
a short path length, generating densely ionizing tracks that
induce highly localized Deoxyribonucleic acid (DNA)
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damage that is inefficiently repaired, thereby promoting
enhanced radiation-induced cell death.20,21 Auger electrons,
characterized by nanometre-scale ranges, deposit energy in
close proximity to DNA, producing highly localized and
complex DNA damage that are often irreparable. The
restricted tissue penetration of these emissions confines the
absorbed radiation dose to the targeted lesion while minimiz-
ing irradiation of surrounding normal tissues22,23 as illus-
trated in Figure 1.
Alpha particles exhibit an LET of »50-230 keV/mm (with

tissue penetration depth of 50-100mm), producing dense
ionization tracks that induce a high frequency of irreparable
double-strand DNA breaks.24-26 This property translates into
a markedly enhanced relative biological effectiveness (RBE)
compared with b-emitting radionuclide therapies.22,27-38

This pronounced cytotoxicity renders a-emitters ideally
suited for eradicating small, metastatic tumors while mini-
mizing radiation-induced toxicity to normal tissues.22 Nota-
bly, their cytotoxic efficiency is estimated to be several
hundred-fold greater than that of b-particles, emphasizing
the critical need for precise delivery strategies.
Exploiting their unique radiobiological properties, a-emit-

ters in TAT have demonstrated potent, highly localized anti-
tumor effects and are under investigation across a wide
spectrum of malignancies, including prostate, breast, ovarian,
melanoma, renal, lung, and bladder cancers, as well as brain
tumors, neuroendocrine tumors, and leukemia.39

A critical challenge unique to TAT is nuclear recoil, whereby
daughter nuclei produced during a-decay acquire recoil ener-
gies exceeding 100 keV, several orders of magnitude greater
than typical chemical bond energies, resulting in inevitable
bond rupture.40,41 This process can drive the redistribution of
radioactive daughters, many of which are thereby introducing
the risk of unintended irradiation to healthy tissues and
Figure 1 Targeted alpha therapy radiobiology: High-LET radia
irreparable DNA damage; relative ranges of Auger electrons, a-
with minimal healthy tissue exposure.23
complicating internal dosimetry and safety assessments. Strate-
gies under investigation to mitigate these effects include encap-
sulation of a-emitters within nanocarriers, rapid intracellular
sequestration, and local intratumoural administration.18

The selection of an appropriate therapeutic TAT radionu-
clide requires initial consideration of its physical half-life,
which must align with the biological half-life of the targeting
vector to ensure adequate tumor retention and effective radi-
ation dose delivery.42,43 Beyond the physical half-life, the
emission profile of a radionuclide is critical. Radionuclides
that release both penetrating photons and short-range par-
ticles provide a theranostic duality, enabling non-invasive
imaging for patient-specific dosimetry while simultaneously
delivering highly localized cytotoxic effects. In this regard,
the exceptional therapeutic potency of a-particles is particu-
larly advantageous. Consequently, substantial research has
centered on candidate a-emitters for TAT, with Lead-212
(212Pb), Bismuth-212 (212Bi), Bismuth-213 (213Bi), Actin-
ium-225 (225Ac), Radium-224 (224Ra), Astatine-211 (211At),
Radium-223 (223Ra) and Terbium-149 (149Tb) representing
the principal radionuclides under investigation.

Among the candidate a-emitters, 212Pb (T1/2 = 10.6 h),
which was first introduced in clinical applications by
Meredith et al.,44,45 has emerged as particularly promising
due to its favorable decay characteristics (Fig. 2). 212Pb
undergoes b⁻-decay to 212Bi, which then follows 2 dis-
tinct decay branches: (1) b⁻-decay to Polonium-212
(212Po) with subsequent prompt a-emission of 8.79 MeV,
and (2) direct a-emission to Thallium-208 (208Tl), releas-
ing a 6.21 MeV a-particle.46 Together, these branching
pathways produce a clinically significant cascade of high-
energy a-particles capable of inducing complex, irrepara-
ble DNA damage. In addition to its strong therapeutic
effect, the 10.6 h physical half-life of 212Pb provides a
tion particles induce dense track ionisations resulting in
, and b-particles (not to scale) illustrate tumour targeting



Figure 2 Decay scheme of 212Pb, showing mean a- and b-particle energies, along with the associated photon emissions
and their respective energies.46 Decay scheme adopted from Kvassheim et al. 2022.47 Images adopted from Michler
et al. 2025.92
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practical balance between manageable clinical handling
and effective tumor irradiation, making it logistically suit-
able for TAT.
The 203Pb/212Pb pair represents the only elementally identi-

cal theranostic combination currently available, uniquely inte-
grating theranostic capabilities.48 In this pair, 203Pb serves as
the diagnostic component, decaying via electron capture to
stable 203Tl (Fig. 3) and emitting 279.2 keV photons with an
80.9% abundance,49 which are ideal for quantitative SPECT-
based imaging. With a physical half-life of 51.9 h, 203Pb pro-
vides an adequate timeframe to monitor radiopharmaceutical
biodistribution and perform quantitative dosimetry, while its
therapeutic analogue, 212Pb, emits high-LET a-particles that
enable highly localized tumor cell killing.50

Within the theranostic context, the extraordinary potency
of a-particles is counterbalanced by challenges related to
nuclear recoil. The extent of recoil-induced redistribution is
influenced by pharmacokinetics, chelator stability, cellular



Figure 3 Decay scheme of 203Pb (electron capture to 203Tl), with associated g-ray emissions and Tl characteristic X-rays
indicated at each transition.49 Decay scheme adopted from McNeil et al. 2023.48 Images adopted from Michler et al.
2025.92
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internalization, and inter-patient variability, emphasizing the
need for radionuclides with stable chelation, predictable
decay chains, and manageable daughter kinetics. These con-
siderations are particularly relevant to the radiopharmacy
and radiochemistry of 203Pb and 212Pb.
Theranostic Radiopharmacy and
Radiochemistry of 203Pb and
212Pb
203Pb is produced via proton irradiation of enriched 205Tl
targets through the 205Tl(p,3n)203Pb nuclear reaction.51

High-purity [203Pb]PbCl₂ or [203Pb]Pb(OAc)₂ is obtained
using automated systems (eg, NEPTIS Mosaic-LC), which
apply Pb-selective resins such as Eichrom Pb resin. Elution
with 8 M HCl or 1 M ammonium acetate yields products
with high specific activity, minimal radionuclidic impurities
(<0.1% 201Pb), and <0.4 ppm stable Pb, suitable for direct
radiolabeling.51 Despite the high cost of enriched 205Tl,
increased demand for 203Pb/212Pb theranostic pairs is
expected to incentivize broader production and
optimization.51,52

212Pb is typically obtained from 224Ra/212Pb generators.
Traditional solid-phase ion-exchange systems utilize resins
such as AGMP-50 or Sr Resin for selective Pb(II) extrac-
tion, with subsequent elution and purification.53,54 A
recently developed liquid-based generator system allows
in situ labeling of biomolecules (eg, monoclonal antibod-
ies) in radiolabeling-compatible buffers and simplifies sep-
aration using gel filtration.55 This eliminates the need for
acid elution or drying steps and supports clinical radio-
pharmaceutical preparation, though concerns remain
regarding trace 224Ra breakthrough and single-use
constraints.55



Figure 4 Conceptual illustration of targeted alpha therapy, depicting the radionuclide, targeting vector, and interaction
with the intended cellular target.
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Efficient chelation is essential to minimize release of daugh-
ter radionuclides (notably 212Bi) after b⁻-decay of 212Pb.
DOTA and TCMC are the most widely studied chelators for
212Pb.55-57 212Pb has +2 oxidation state and forms a complexes
with both TCMC and DOTA.TCMC offers superior in vivo
performance, including higher complexation efficiency,
greater resistance to acid dissociation, and lower 212Bi release
(»30%-36% for DOTA vs. less for TCMC), contributing to
reduced kidney retention and toxicity.57 PIP-DTPA and
AZEP-DTPA, cyclic derivatives of DTPA, have been evaluated
with 203Pb, with PIP-DTPA showing better renal clearance of
212Bi, despite faster systemic clearance.58 Azacrown ethers (eg,
NOTA, TETA) and bulky ligands show poor Pb(II) coordina-
tion due to size mismatch, while newer ligands like NETA
exhibit improved stability and biodistribution.56,58

Phosphonate-containing chelators such as DOTMP and
EDTMP also form stable Pb(II) complexes, though they simi-
larly permit 212Bi release. DOTMP exhibits better in vivo stabil-
ity than EDTMP but still leads to some renal accumulation.58

Vector selection depends on biological target, disease
kinetics, and radionuclide half-life (Fig. 4). Monoclonal anti-
bodies (mAbs), with their high specificity and prolonged cir-
culation, may be suitable for 212Pb despite the radionuclide’s
relatively short half-life.59 Peptides and small molecules allow
for rapid tumor targeting and clearance, aligning well with
212Pb’s decay window. Clinically, somatostatin analogs (eg,
DOTATATE) and PSMA ligands have demonstrated excellent
targeting efficacy.60 Emerging platforms such as DARPins
and miniproteins offer a promising balance between rapid
kinetics and high specificity, making them attractive vectors
for 212Pb-based TAT, although they remain under early-stage
investigation.61
The theranostic role of 203Pb extends beyond tumor imaging
to enable individualized dosimetry and pharmacokinetic profil-
ing. As a chemically identical analog to 212Pb, 203Pb facilitates
non-invasive quantification of biodistribution, C_max, T_max,
tumor uptake, adverse effects, and radiation dosimetry, critical
for treatment planning and monitoring response.51,62 212Pb has
emerged as a clinically significant radionuclide with strong ther-
apeutic potential for receptor TAT.63,63-65
Clinical Applications of Targeted
Alpha Therapy Using 212Pb
Recent clinical trials with 212Pb-labeled radiopharmaceuticals
have demonstrated encouraging therapeutic efficacy.60,66-69

These findings have intensified interest in the 203Pb/212Pb
theranostic pair as a platform for image-guided, dosimetry-
based personalized cancer therapy.61-65 An overview of clini-
cal trials with targeted a-therapy using 212Pb is summarized
in Table 1, while studies incorporating 203Pb as one of the
outcome measures are presented in Table 2.
Surrogate Imaging With 203Pb for
212Pb Targeted Alpha Therapy
The clinical application of TAT with 212Pb is limited by the
absence of directly imageable a-particles and the low-abun-
dance g emissions, which are insufficient for reliable imaging.
Detectable signals instead originate from accompanying b⁻ and
g photons, as well as characteristic X-rays generated during



Table 2 Clinical Trials With Targeted Alpha Therapy Using 203Pb as One of the Outcome Measures

Trial Number Target Agent Setting
Primary Outcomes
Measured

NCT05111509 SSTR2 203Pb-VMT-a-NET SSTR2-positive neuroendocrine tumors
refractory to standard therapies

SPECT/CT tumor identifica-
tion, AE

NCT5636618 SSTR2 203Pb-VMT-a-NET SSTR2-positive neuroendocrine tumors
refractory to standard therapies

Biodistribution, AE, Dosimetry

NCT06479811 SSTR2 203Pb-VMT-a-NET SSTR2-positive neuroendocrine tumors
refractory to standard therapies

Biodistribution, AE, Dosimetry

NCT06427798 SSTR2 203Pb-VMT-a-NET SSTR2-positive neuroendocrine tumors
refractory to standard therapies

Biodistribution, AE, Dosimetry

NCT06710756 FAP 203Pb-PSV359 FAP-positive solid tumors refractory to
standard therapies

Biodistribution, Cmax, Tmax,
AE

NCT04904120 MC1R 203Pb-VMT01 MC1R-positive unresectable and meta-
static melanoma

Biodistribution, AE, Cmax,
Renal Excretion, Dosimetry

NCT05557708 CXCR4 203Pb-Pentixather CXCR4-positive atypical carcinoid lesions
of the lung

SPECT/CT tumor identifica-
tion, AE

Abbreviations: SPECT/CT, Single photon emission tomography/computed tomography; DLT, dose-limiting toxicities; MTD, maximum tolerated
dose; RP2D, recommended phase 2 dose; AE, adverse events; ORR, objective response rate; SSTR2, somatostatin receptor type 2; PFS, pro-
gression-free survival; GRPR1, gastrin-releasing peptide receptor; OS, overall survival.

Table 1 Clinical Trials With Targeted Alpha Therapy Using 212Pb:

Trial Number Target Agent Setting
Primary Outcomes
Measured

NCT05720130 PSMA 212Pb-ADVC001 mCRPC with prior ARPI and no prior expo-
sure to 177Lu

RP2D

NCT05725070 PSMA 212Pb-NG001 mCRPC with prior ARPI and no prior expo-
sure to PSMA-targeted RLT

SPECT/CT imaging, AE

NCT03466216 SSTR2 212Pb-DOTAMTATE SSTR2-positive neuroendocrine tumors
refractory to standard therapies

DLT, MTD

NCT05153772 SSTR2 212Pb-DOTAMTATE SSTR2-positive neuroendocrine tumors
refractory to standard therapies

ORR, AE

NCT05636618 SSTR2 212Pb-VMT-a-NET SSTR2-positive neuroendocrine tumors
refractory to standard therapies

RP2D, MTD

NCT06148636 SSTR2 212Pb-VMT-a-NET SSTR2-positive neuroendocrine tumors
refractory to standard therapies

RP2D

NCT06479811 SSTR2 212Pb-VMT-a-NET SSTR2-positive neuroendocrine tumors
refractory to standard therapies

DLT, MTD

NCT06427798 SSTR2 212Pb-VMT-a-NET SSTR2-positive neuroendocrine tumors
refractory to standard therapies

ORR, MTD

NCT06710756 FAP 212Pb-PSV359 FAP-positive solid tumors refractory to
standard therapies

Safety, tolerability,
antitumor efficacy

NCT05655312 MC1R 212Pb-VMT-01 MC1R-positive unresectable and meta-
static melanoma

ORR, AE, DLT

NCT05557708 CXCR4 212Pb-Pentixather CXCR4-positive atypical carcinoid lesions
of the lung

RP2D

NCT05283330 GRPR1 212Pb-DOTAM-GRPR1 GRPR1-positive solid tumors refractory to
standard therapies

RP2D

Abbreviations: PSMA, prostate-specific membrane antigen; mCRPC, metastatic castration-resistant prostate cancer; ARPI, androgen-receptor
pathway inhibitor; DLT, dose-limiting toxicities; MTD, maximum tolerated dose; RP2D, recommended phase 2 dose; AE, adverse events;
ORR, objective response rate; SSTR2, somatostatin receptor type 2; PFS, progression-free survival; GRPR1, gastrin-releasing peptide recep-
tor; OS, overall survival.
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decay and from daughter radionuclides. To enable molecular
imaging, predictive dosimetry, and individualized treatment
planning, radionuclides with more abundant and quantifiable
photon emissions, are employed as surrogates.
Surrogate imaging has historically relied on positron emit-

ters, leveraging the high sensitivity, resolution, and quantita-
tive accuracy of PET. Accordingly, Gallium-68 (68Ga),
Fluorine-18 (18F), Copper-64 (64Cu), Zirconium-89 (89Zr)
and Iodine-124 (124I) remain widely used imaging counter-
parts in clinical theranostics. In contrast to PET-based surro-
gates, SPECT can directly utilize g emissions from therapeutic
radionuclides, allowing continuous monitoring of treatment
response without the need for additional imaging agents.70

The rationale for elementally matched surrogates, such as
203Pb/212Pb is supported by comparative studies demonstrat-
ing pharmacokinetic discrepancies between chemically distinct
isotope pairs (eg, 68Ga- vs. 90Y-labeled peptides).71 As an iso-
tope of the same element, 203Pb exhibits identical coordination
chemistry and biological behavior to 212Pb while providing
favorable photon emissions (279 keV (80.9%)) suitable for
quantitative SPECT and SPECT/CT imaging.10,63,72 Its longer
half-life (51.9 h) further supports extended pharmacokinetic
studies and improved dosimetry accuracy, advantages not
achievable with short-lived PET isotopes such as 68Ga.
Despite these strengths, important uncertainties remain

when translating 203Pb imaging to 212Pb therapy. Leading
among these is the in vivo stability of the 212Pb-ligand com-
plex and the potential redistribution of its a-emitting prog-
eny (212Bi, 212Po). Such redistribution can create
discrepancies between the imaging profile of 203Pb and the
absorbed dose distribution of 212Pb and its daughters.
Resolving these uncertainties requires systematic investiga-
tion of complex stability, progeny retention, and correlation
of absorbed dose estimates with biological outcomes.
Within this theranostic paradigm, 203Pb provides a scien-

tifically robust platform for quantitative SPECT-based dosim-
etry, supporting accurate biodistribution studies,
pharmacokinetic characterization, and treatment optimiza-
tion of 212Pb-labeled radiopharmaceuticals. Its use exempli-
fies the theranostic principle, wherein an elementally
matched diagnostic partner yields clinically actionable data
to guide and personalize TAT. Figures 2 and 3 summarize
the key g and X-ray emissions of 203Pb, 212Pb, and their
progeny, emphasizing the imaging characteristics most rele-
vant for dosimetry. These decay emissions also inform and
facilitate the optimization of recommended acquisition pro-
tocols for quantitative SPECT imaging with 203Pb and 212Pb.
Clinical SPECT Gamma Cameras:
Dual-Head and CZTMulti-
Detector Systems
The acquisition protocols for SPECT imaging in TAT are fun-
damentally dictated by gamma camera performance. Key sys-
tem parameters, including energy resolution, spatial
resolution, and sensitivity, directly shape image quality,
quantitative accuracy, and clinical feasibility. High energy
resolution enables narrower energy windows for improved
scatter discrimination, while enhanced spatial resolution
facilitates the detection of small, clinically relevant lesions
near the system’s resolution limit73. Sensitivity governs
acquisition times, which is particularly critical for whole-
body SPECT/CT studies required for individualized dosime-
try, where optimized systems reduce scan duration, improv-
ing patient comfort and clinical throughput.

Traditional NaI(Tl)-based scintillation detectors, although
cost-effective and widely available, are limited by their reli-
ance on photomultiplier tubes (PMTs). The multiple photon-
to-electron conversion steps introduce statistical uncertain-
ties in both energy measurement and spatial localization, lim-
iting quantitative accuracy and spatial fidelity.74 The key
performance characteristics of the SPECT/CT systems are
summarized in Table 3.

Solid-state Cadmium Zinc Telluride (CZT) detectors
overcome these limitations (Fig. 5), to a certain extent,
by directly converting incident g photons into electrical
signals via charge induction from photoelectric and
Compton interactions. The absence of PMTs reduces sta-
tistical uncertainty, improving spatial resolution to »2-
3 mm.79 Pixelated CZT detector designs effectively reduce
dead-time losses and signal saturation, while permitting
closer detector positioning. By eliminating edge distor-
tions and expanding the usable field of view, these sys-
tems significantly enhance lesion detectability and
quantitative reliability, making them especially valuable
for post-therapy imaging of 203Pb and 212Pb.75

Commercially available 3D-ring CZT SPECT/CT systems,
by Spectrum Dynamics’ Veriton and GE Healthcare’s Star-
Guide extend early cardiac CZT80,81 designs to whole-body
imaging, enabling dynamic and rapid acquisitions for thera-
nostic applications. The Veriton-CT 200 series features
twelve independently swiveling digital detector columns
arranged in a full 360° ring, with adaptive body contouring
to minimize detector-to-patient distance and maximize sensi-
tivity and spatial resolution. The SPECT energy range for the
Veriton is 40̄-200 keV. Each column can move radially,
rotate along the gantry, and sweep, supporting flexible,
patient-adapted acquisition protocols.

The StarGuide SPECT/CT system similarly employs
twelve detector columns, each comprising seven 16£ 16
CZT pixelated modules (2.46£ 2.46 mm2, 7.25 mm
thick) with dual-pitched tungsten parallel-hole collimators
aligned to each pixel. StarGuide operates over a wider
energy range of 40-279 keV in 2 modes: a “low energy”
mode (channels = 0.5 keV) for energies up to 200 keV,
and a “medium energy” mode (channels = 1 keV) for
peaks above 200 keV, accommodating the primary g

emissions of 203Pb at 279 keV (80.9%) and 212Pb at
238.6 keV (43.3%). The extended energy range also
accommodates scanning of photon energies up 500 keV.
Each column moves independently with radial, rotational
(2-6 steps per bed position, rotation up to 25°), and
sweep (§15°) motions, allowing high temporal resolution
and patient-adapted acquisitions.



Table 3 Comparison of Fundamental Performance Characteristics of Conventional, Digital, and Multidetector 3-Dimensional CZT
SPECT/CT Systems

Parameter Conventional NaI(Tl) Digital CZT SPECT
Multidetector 3D CZT SPECT/
CT

Spatial resolution
(FWHM)

�22 mm (MEGP)75 �10 mm (MEGP)1 � 3 mm (pixelated CZT, adaptive
body contouring)76

System sensitivity
(cps/MBq)

203Pb (78,8 on MELP collimator and
43.2 keV on HE collimator for 279 keV
photopeak)
212Pb (1148.9 on MELP collimator
and 622.7 on HE collimator for
239 keV photopeak)77

- -

Energy Range (keV) 30-360 (typical range)78 40-2506 40-200 (Veriton series dependent)
40-200: Low Energy Range &
40-500: Extended energy range
(StarGuide)76

Whole-body acquisition
time1

30-40 min 20 min 12-15 min (patient adapted, high
sensitivity)

Quantitative accuracy
(typical limits)1

§ 10% § 5% § 5%
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Both Veriton and StarGuide provide high-resolution,
quantitative imaging, rapid whole-body SPECT, dynamic
acquisition protocols, and patient-friendly scan dura-
tions, supporting the requirements of individualized
dosimetry and post-therapy monitoring in 203Pb/212Pb-
TAT. The specific energy range used for acquisition
must be carefully selected based on the camera series, as
this directly influences the accurate detection of the pri-
mary g emissions and characteristic X-rays of each
radionuclide. Although neither system currently allows
collimator exchange, it is essential to account for septal
Figure 5 Comparison between traditional dual-head SPECT ga
enabling fully 3D multidetector acquisition. GE Healthineers.
penetration effects and apply, where appropriate, correc-
tions during image reconstruction to maintain quantita-
tive accuracy.

SPECT system performance varies substantially across
designs, as shown in Table 3, with direct implications for
acquisition protocols in dosimetry. Conventional NaI(Tl)-
based SPECT systems typically achieve a spatial resolution
of »22 mm with a MEGP collimator. K€astner et al77

reported sensitivities of 78.8 cps/MBq (MELP) and
43.2 cps/MBq (HE) for the 279 keV photopeak of 203Pb,
and 1148.9 cps/MBq (MELP) and 622.7 cps/MBq (HE)
ntry configuration and the advanced CZT ring geometry



Figure 6 Serial steps in clinical image-based dosimetry workflow for targeted radionuclide therapy. Images adopted
from Michler et al. 2025.92
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for the 239 keV photopeak of 212Pb. Whole-body acquisi-
tions on these systems typically require 30-40 minutes,
with quantitative accuracy within §10%. Digital dual-
head CZT SPECT and multidetector 3D CZT SPECT/CT
systems offer marked improvements, providing spatial
resolutions (FWHM) of »10 mm and »3 mm, respec-
tively. Although sensitivity data for 203Pb and 212Pb on
CZT systems remain under investigation, their perfor-
mance in terms of sensitivity, may surpass that of NaI
(Tl)-based cameras, particularly in 3D ring geometries.
These advances enable reduced acquisition times of »20
minutes for dual-head CZT and 12-15 minutes for 3D
CZT SPECT/CT while improving quantitative accuracy to
within §5%. Together, these performance characteristics,
ie, spatial resolution, sensitivity, and acquisition speed,
critically inform optimized acquisition protocols. Conse-
quently, SPECT imaging, whether conventional, CZT, or
multidetector 3D, forms an integral component of the
clinical dosimetry workflow, where accurate quantitative
imaging supports patient-specific planning and treatment
optimization in TAT.
Clinical Dosimetry Workflow
Accurate clinical dosimetry is fundamental for optimizing
patient outcomes and minimizing uncertainties in both rou-
tine practice and clinical trials. By enabling patient-specific
treatment planning, it maximizes tumor dose delivery while
maintaining safe margins for normal tissues, thereby
overcoming the limitations of fixed-activity protocols, in
which normal tissue exposure may vary up to 5-fold per
administered activity.82 Dosimetry-guided TRT not only
improves survival and therapeutic efficacy but also provides
essential data to establish absorbed dose thresholds and to
define tumor- and organ-specific dose�response relation-
ships. In addition, it facilitates cross-comparisons of different
radiopharmaceuticals across patient populations, ultimately
strengthening the foundation for evidence-based TRT plan-
ning. The dosimetry workflow in TRT consists of a series of
fundamental steps designed to achieve accurate, patient-spe-
cific absorbed dose estimates for both target lesions and nor-
mal organs (Fig. 6).

The process begins with accurate activity measurement
using a dose calibrator, followed by the gamma camera cali-
bration to establish radionuclide and acquisition protocol-
specific calibration factors (CFs). This relies on serial SPECT/
CT imaging to capture the spatio-temporal distribution of
activity with improved quantitative accuracy, ensuring reli-
able dosimetric assessment. The resulting images undergo
reconstruction with corrections for attenuation, scatter, colli-
mator-detector response, and partial-volume effects, and,
where applicable, dead-time corrections, to enable absolute
activity quantification. Registration and segmentation of vol-
umes of interest (VOIs) across multiple time-points are sub-
sequently performed, increasingly supported by AI-based
tools. From these data, time�activity curves (TACs) are gen-
erated, fitted, and integrated to determine time-integrated
activity (TIA), with careful control of extrapolation to mini-
mize error. Finally, absorbed dose calculation is performed
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either through Medical Internal Radiation Dose (MIRD) for-
malism using S-values or via patient-specific methods such
as voxel-based approaches and direct Monte Carlo (MC) sim-
ulations, the latter providing the highest level of accuracy by
accounting for tissue heterogeneity and non-uniform activity
distributions. Details regarding these fundamental steps in
the image-based dosimetry workflow were comprehensively
outlined in our previous publication.83

Within the dosimetry workflow, the subsequent sections
focus on key aspects of TAT dosimetry,84 with particular
emphasis on 203Pb and 212Pb. (1) Pharmacokinetics and
activity quantification: Accurate activity quantification is
essential for deriving reliable pharmacokinetic data, as errors
in biodistribution measurements propagate directly into
absorbed dose estimates. (2) Daughter radionuclides: Accu-
rate dosimetry requires accounting for the redistribution and
migration of radioactive daughters. (3) Small-scale and
microdosimetry: Given the short range and heterogeneous
energy deposition of a-particles, small-scale dosimetry is
needed to quantify non-uniform dose distributions at the tis-
sue, organ, or cellular level, thereby improving predictions of
biological effects.
Pharmacokinetics and Image
Activity Quantification
Pharmacokinetics determine the residence times of activity
within tumors and normal organs, necessitating serial quanti-
tative imaging to construct TACs. SPECT/CT with 203Pb or
212Pb provides 3D distributions of activity at multiple time
points, from which absorbed doses can be retrospectively cal-
culated and prospectively applied for treatment planning.
The image acquisition protocols for 203Pb and 212Pb are sum-
marized in Table 4, incorporating both manufacturer-recom-
mended settings and protocols reported in the literature47,77

for clinical gamma cameras with CZT multi-detectors or NaI
(Tl) detectors. These guidelines account for gamma camera
performance characteristics, including energy resolution, as
well as recommended collimator types appropriate for the
energies of the imageable radiation. Although clinical imag-
ing data using multi-detector CZT-based gamma cameras for
203Pb and 212Pb are not yet published, several studies have
investigated optimal acquisition parameters, including the
selection of medium-energy (ME) versus high-energy (HE)
collimators.47,77

Collimator selection is a key factor influencing sensitivity,
image quality, and quantitative accuracy in 203Pb and 212Pb
imaging. A paradox has been observed: despite its lower
gamma and X-ray emission probabilities, 212Pb often shows
higher measured sensitivity than 203Pb. This phenomenon
has been attributed to collimator-induced lead X-rays, septal
penetration, and down-scatter from high-energy progeny
emissions, particularly the 2.6 MeV photons from 208Tl77.
Collectively, published data indicate a trade-off in the imag-
ing of the 203Pb/212Pb theranostic pair: MELP collimators
provide superior sensitivity but are more vulnerable to septal
penetration and dead-time losses, whereas HE collimators,
though less sensitive, appear more reliable for quantitative
212Pb imaging at therapeutic activity levels.47,77,86 For 203Pb,
MELP collimators remain suitable for clinical use, while for
212Pb, HE collimators are generally recommended to mini-
mize quantification errors. Additionally, it has been noted
that dead-time losses are higher in the X-ray energy window
compared with the photopeak, emphasizing the importance
of careful window selection.

From Table 4, 203Pb emits an abundant 279 keV photon
(80.9%) with minimal higher-energy contaminants (3.4% at
401.3 keV and low-abundance X-rays <100 keV), rendering
it well-suited for quantitative SPECT.82 Another key advan-
tage of 203Pb as a surrogate for 212Pb is its sufficiently long
physical half-life, exceeding 4 half-lives of its therapeutic ana-
logue. These properties make 203Pb highly suitable for quan-
titative imaging, activity quantification, and absorbed-dose
estimation.62,87,88

212Pb also provides measurable photon emissions through
its decay to 212Bi, most notably the 238.6 keV g-ray (43.3%)
and characteristic X-rays in the 75.1-87.7 keV range (36%).
These emissions have been successfully employed in both
preclinical and clinical studies89,90 demonstrating the feasi-
bility of quantitative imaging with 212Pb.

For 203Pb, studies report a near-linear detector response up
to »900 MBq with <10% count losses, covering the diagnos-
tic activity range of 200-500 MBq.62,86 In contrast, 212Pb is
strongly affected by dead-time, with »20% count losses at
activities as low as 20-40 MBq depending on collimator
choice.91 Consequently, dead-time correction is particularly
critical at the first post-administration imaging time point,
where activities are highest, and should be tailored to the
count rate performance of the specific gamma camera system.

Figure 7 illustrates a comparison of image acquisitions
using 203Pb and 212Pb, highlighting differences in image
quality on SPECT/CT transverse slices, as well as in planar
whole-body scans. The observed variations in image quality
can be attributed to the combined effects of physical decay
properties and detector-specific characteristics described
above. Septal penetration and lead X-ray generation from the
high-energy emissions of 212Pb and its progeny contribute to
increased background and spatial blurring.92 In addition,
extensive down-scatter from high-energy photons (such as
the 2.6 MeV emission of 208Tl) contaminates the lower-
energy windows, further degrading contrast. At early time
points, high activity levels may also induce dead-time losses
and pulse pile-up, leading to nonlinear count recovery and
spectral distortion, particularly in narrow X-ray windows,
resulting in blurring and reduced contrast compared with
203Pb.77 These observations, supported by phantom studies,
indicate that HE collimators provide the best balance of sen-
sitivity and image quality for 212Pb. HE collimator 79 keV
images allowed the most reliable visualization of phantom
spheres at lower activity concentrations, despite greater
attenuation effects.77 Taken together, these findings confirm
that clinical 212Pb acquisition is feasible when all image-
degrading factors are accounted for through appropriate cor-
rections and optimal collimator selection.47



Table 4 Recommended Image Acquisition Protocols for 203Pb and 212Pb Using NaI (Tl) and CZT Multi-Detector Gamma Cameras, Including Manufacturer Guidance, and
Literature-Based Parameters for Collimator Selection, Energy Window Settings, and Imaging Performance Consideration

Recommended SPECT Imaging Protocols

Nuclide

Daughter
Nuclide
(Unstable)

Gamma/ X-Ray
energy (keV) and
intensity (%) CZTMulti-Ring Detector Gamma Camera NaI(Tl) Detector Gamma Cameras

Pb-203 - g:
279.2 (80.9)
401.3 (3.4)

X-Rays:
70.8 (25.5)
72.9 (43.0)
82.1 (19.0)

Energy windows: [Peak and Full WindowWidth]
Emission window 1: 71 keV (20.5%)
Lower scatter window 1: 63 keV (6%)
Higher scatter window 1: 86 keV (14%)
Emission window 2: 279 keV (12%)
Lower scatter window 2: 245 keV (14%)
Higher scatter window 2: 312 keV (10%)

Collimator type:
Intrinsic tungsten collimators (low to medium energies)

Scatter correction:
Window-based (TEW scatter correction)

Energy Windows: [Peak and Full WindowWidth]
Recommendation 1(85)
Primary window: 279.2 keV (20%)
Lower scatter window: 239.3 keV (10%)
Higher scatter window: 323.3 keV (10%)
Secondary window: 72.9 keV (20%)

Collimator type:
MEGP

Scatter correction:
Model-based

Recommendation 277

Primary window: 279 keV (20%)
Lower scatter window (primary):
237 keV (10%)
Higher scatter window (primary):
321 keV (10%)
Secondary window: 72 keV (40%)
Lower scatter window: 50 keV (20%)
Higher scatter window: 97 keV (20%)

Collimator type:
MELP & HE

Pb-212 - g:
238.6 (43.6)
300.1 (3.2)

X-Rays:
74.82 (10.1)
77.1 (16.9)
86.8 (5.8)
89.7 (1.8)

Energy windows: [Peak and Full WindowWidth]
Emission window 1: 76 keV (10%)
Lower scatter window 1: 70 keV (6%)
Higher scatter window 1: 88 keV (14%)
Emission window 2: 239 keV (10%)
Lower scatter window 2: 215 keV (14%)
Higher scatter window 2: 265 keV (10%)

Collimator type:
Intrinsic tungsten collimators (low to medium energies)

Energy windows: [Peak and Full WindowWidth]
Recommendation 185

Primary window: 238.63 keV (20%)
Secondary window: 76.1 keV (20%)

Scatter correction:
Model-based

Recommendation 247,77

Primary window: 239 keV (20%)
Lower scatter window (primary): 209 keV (5%)
Higher scatter window (primary): 268 keV (5%)
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Table 4 (Continued )

Recommended SPECT Imaging Protocols

Nuclide

Daughter
Nuclide
(Unstable)

Gamma/ X-Ray
energy (keV) and
intensity (%) CZTMulti-Ring Detector Gamma Camera NaI(Tl) Detector Gamma Cameras

Scatter correction:
Window-based (TEW)

Secondary window: 79 keV (40%)
Lower scatter window (secondary):
55 keV (20%)
Higher scatter window (secondary):
103 keV (20%)

Collimator type:
MELP & HE

Scatter correction:
Window-based (TEW)

Bi-212 (Unstable) g:
727.3 (6.7)
785.4 (1.1)
1620.7 (1.5)

Po-212
(Unstable)

-

Tl-208
(Unstable)

g:
277.4 (6.6)
510.8 (22.6)
583.2 (85.0)
763.5 (1.8)
860.6 (12.4)
2614.5 (99.8)

X-Rays:
72.8 (2.0)
75.0 (3.4)
85.0 (1.2)
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Figure 7 Comparison of image acquisition using 203Pb as a surrogate radionuclide and 212Pb as the direct therapeutic
radionuclide. Planar whole-body scans and transversal slices are shown to illustrate differences in image quality and
resolution between surrogate and direct imaging. Images adopted from Michler et al. 2025.92
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Optimal Imaging Time Points for 203Pb: Accurate dosime-
try relies on quantifying organ and tumor activity across
multiple time points to capture the dynamics of radio-
pharmaceutical distribution and clearance. Optimal imag-
ing for 203Pb dosimetry is typically performed between
one and four hours post-injection, providing the best bal-
ance of tumor contrast, signal-to-noise ratio, and image
quality.92 Early acquisitions (<1 hour) capture initial bio-
distribution, while later time points (24-48 hours) can
enhance tumor-to-liver contrast but are limited by higher
noise and reduced lesion detectability.93 Intermediate
scans at 1.5-2 hours and 22 hours have also been shown
to reliably reflect pharmacokinetics and support planning
for subsequent 212Pb therapy.94 These findings support a
flexible imaging schedule emphasizing early to intermedi-
ate time points for routine dosimetry, with later acquisi-
tions applied selectively for low-contrast lesions or
detailed pharmacokinetic analysis.
Optimal Imaging Time Points for 212Pb: Phantom studies for

212Pb dosimetry demonstrate reliable activity quantification
at 1, 24, and 48 hours post-administration, with iterative
reconstruction convergence ensuring quantitative accuracy.95

Clinical SPECT/CT imaging following 60 MBq 212Pb-
ADVC001 has been successfully performed at 1.5, 5-, 20-,
and 28-hours post-infusion, providing practical and feasible
time points for dosimetry.50 These findings support a flexible
imaging schedule emphasizing early to intermediate scans to
optimize quantitative assessment for TAT. Furthermore, the
development of a 212Pb quantitative SPECT/CT imaging
approach, which incorporates corrections (attenuation, scat-
ter, and CDR) for all major physical image-degrading effects,
demonstrates that accurate quantitative imaging of 212Pb is
feasible.

Calculation of Cumulated Activity: After registration and seg-
mentation, the activity within source regions at discrete
imaging time points is quantified, enabling calculation of the
cumulated activity (~Ars ) for each region. To generate continu-
ous TACs, Ars tð Þ, from these discrete measurements, analyti-
cal fitting, commonly using sums of exponentials, or linear
interpolation (trapezoidal method) is employed.96

Ars tð Þ ¼
X

j

Aj 0ð Þe� λþλjð Þt ð1Þ

where Ajð0Þ is the initial activity of the jth component, λ is the
physical decay constant of the radionuclide, λj is the biologi-
cal elimination constant, and λþ λj represents the effective
elimination constant.

Appropriate extrapolation beyond the first and last image
time points is critical for accurate TIA estimation, with the
EANM recommending that the contribution from extrapo-
lated intervals remain below 20% of the total TIA.97 Integra-
tion can be performed at the organ level, assuming
homogeneous kinetics, or at the voxel level to capture het-
erogeneous distributions relevant to microdosimetry. This
approach forms the basis for predictive 212Pb dosimetry
using 203Pb SPECT imaging.
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Predictive 212Pb Dosimetry
Using 203Pb SPECT/CT Imaging
212Pb decays to 212Bi via beta emission, imparting rela-
tively low recoil energy to the daughter nucleus and thus
reducing the likelihood of dissociation from the chela-
tor.87 Nevertheless, migration of 212Bi from the site of
212Pb decay remains a critical determinant of dosimetric
accuracy, as the alpha emissions from 212Bi and 212Po
contribute most of the therapeutic dose. Empirical data
indicate that up to »36% of 212Bi can be lost from the
targeting vector,98 highlighting the need to account for
daughter redistribution when extrapolating from 203Pb-
derived pharmacokinetics.
Limited studies have evaluated the kinetic stability of 212Bi

across different chelator-ligand systems. In vitro data suggest
that approximately 30% of 212Pb decays can release 212Bi
from certain DOTA derivatives lacking peptide ligands, rep-
resenting a significant source of uncertainty for pre-treatment
dosimetry based on 203Pb imaging.98,99 Pharmacokinetic
modeling incorporating human bismuth biokinetics further
demonstrates that redistribution of released 212Bi to the
plasma, liver, and kidneys can occur rapidly, potentially lead-
ing to overestimation of tumor dose and underestimation of
dose to normal tissues if ignored.
To address these challenges, generalized correction formal-

isms have been proposed in which 203Pb-derived time-inte-
grated activities (TIAs) are adjusted for daughter
redistribution using experimentally or model-derived frac-
tions of bismuth release ðfÞ and organ-specific decay proba-
bilities cðri rsÞ. Such approaches enable a more accurate
prediction of 212Pb TIA and improve patient-specific dosime-
try while preserving the spatial fidelity of tumor versus nor-
mal tissue dose. TAC-derived TIAs must be corrected for
potential redistribution of 212Bi generated by 212Pb.
If the fraction of released bismuth ions ðfÞ is known, a gen-

eralized formalism can adjust the 203Pb-derived TIA:87

A rið Þ ¼ 1� fð ÞAraw rið Þ þ f
X

rs

Araw rsð Þc ri rsð Þ ð2Þ

Where ArawðriÞ is the TIA for a given organ ðriÞ without
correcting for the redistribution effect and AðriÞ is the cor-
rected TIA for that organ. The fractional transfer of TIA from
a given source organ ðrsÞ to the organ of interest ðriÞ is repre-
sented by the product of f and cðri rsÞwhere
cðri rsÞdescribes the probability of a given bismuth ion
decaying in ri when it was released from rs. The additive cor-
rection

P
rs
ArawðrsÞcðri rsÞ allows for the uniform distri-

bution of TIA in all soft tissue, including tumors.
Incorporating microdosimetric corrections and sub-organ

pharmacokinetic models allows refinement of absorbed dose
estimates while accounting for daughter nuclide migration,
redistribution, and chelator stability. Continuous TAC fitting
and extrapolation generate corrected TIA for all organs.
Using these data, patient-specific dosimetry can be per-
formed according to MIRD principles.100
Absorbed Dose Estimation
Several approaches exist for converting cumulated activities ð
~ArsÞ into absorbed dose. The MIRD formalism, established
by the MIRD Committee of the Society of Nuclear Medicine,
was the first widely adopted dosimetric framework. It enables
calculation of mean absorbed doses in source and target
regions by combining time-integrated activities with precom-
puted S-values, which represent the mean dose per unit
cumulated activity from a source region to a target region.100

D rTð Þ ¼
X

rs

~Ars ¢ S rT rsð Þ ð3Þ

Where; DðrTÞrepresents the absorbed dose delivered to the
target region rT, ðArsÞ is the TIA in the source region rs and S
ðrT rsÞ or S-value, denotes the mean absorbed dose in rT
per unit of activity present in rs.

Methods for computing S-values include local energy
deposition (LDM), dose-point kernels (DPK), and MC simu-
lations. While the classical MIRD approach assumes uniform
activity distribution and homogeneous tissue, it remains
widely used due to its speed and ability to incorporate planar
imaging. Patient-specific dosimetry methods leverage voxel-
ized S-values and dose maps, producing dose�volume histo-
grams (DVHs) for organs and lesions.

MC simulations explicitly model decay locations and
radiation transport within patient-specific geometry
derived from CT, providing accurate voxel-level energy
deposition. DPKs can be discretized over source and tar-
get voxels to generate dose maps via convolution with
cumulated activity, while voxel S-values (VSVs) extend
MIRD principles to the voxel scale. LDM assumes com-
plete energy absorption within the source voxel, making
it appropriate for alpha or short-range beta emitters.
Although DPK and VSV may underestimate dose in het-
erogeneous tissues, MC simulations or LDM may be pre-
ferred depending on image resolution and computational
resources. A detailed description of these methods has
been provided in our previous publication.83 Collectively,
these approaches enable estimation of 212Pb dosimetry for
TAT, accounting for physical, biological, and microdosi-
metric factors. This framework provides a robust founda-
tion for patient-specific dosimetry and can be extended to
voxel-level or microdosimetric analyses when activity dis-
tributions are heterogeneous.
Small-scale andMicrodosimetry
With Emphasis on 212Pb-based
Targeted Alpha Therapy
For 212Pb TAT, conventional organ-level dosimetry based on
the MIRD formalism provides a first approximation but is
insufficient to capture the biological effects of short-ranged,
high-LET alpha particles. Microdosimetry addresses the



Table 5 Targeted Alpha Therapy Multiscale 212Pb Dosimetry Studies

Macrodosimetry

Radiopharmaceutical Objective Dosimetry Methodology Findings
Reference
number

212Pb-MC1L Assessment of renal dosimetry Analytic: OLINDA/MIRD Kidney absorbed doses reached 2.8-20 Gy,
depending on 212Pb-MC1L injected activity;
high doses induced CKD and histological
damage

102

212Pb-CA012 and
203Pb-CA012

Assessment of effective dose esti-
mates using 203Pb-CA012 imaging
to simulate 212Pb-CA012 uptake

Analytic: OLINDA/QDOSE The estimated effective dose was 2.4§
0.3 mSv/100Mbq when 203Pb-CA012 was
administered. The projected effective dose
was 415.1§13.5 mSv/100Mbq for 212Pb-
CA012.

62

212Pb-VMT01 and 203Pb-VMT01 Assessment of renal and bone mar-
row dosimetry using 203Pb-VMT01
and 212Pb-VMT01, and the impact
of the accumulation of free 208TI

Analytic: OLINDA/EXM2.0 Kidney absorbed doses reached 8.27 mGy/Mbq,
depending on 212Pb-VMT01 injected activity,
and the red bone marrow reached
1.06 mGy/Mbq. The highest increased per-
centage dose distribution from 208TI was 2.1%
for the brain.

103

212Pb-rhPSMA, 225Ac- rhPSMA and
177Lu- rhPSMA

Assessment of renal dosimetry and
therapeutic indices (TI) using
225Ac and 212Pb modeled data
from 177Lu dosimetry data

Analytic: MIRD/LabPlot
2.10.0

A 29-fold higher dose of 212Pb was required to
achieve the same therapeutic outcome as
225Ac. 225Ac showed a 2.5 factor decrease in
the absorbed dose to the kidneys and 2.2 fac-
tor decrease in the absorbed dose to the sali-
vary glands as compared to 212Pb. The TI for
tumour: kidney dose ratio was 3-fold higher for
225Ac than 212Pb as compared to the modeled
data.

104

Microdosimetry
212Pb-anti HER2 Improvement of TAT cellular dosim-

etry accuracy by incorporating
realistic cell morphology, binding
kinetics, and stochastic radiation
effects

Monte Carlo microdosimetry
(cellular scale

Realistic models showed clustering effects dou-
bled absorbed dose vs geometric models;
>50% cells received zero dose; stochastic
modeling improved survival and RBE
prediction

105

212PbVMT01 Improvement of TAT cellular dosim-
etry accuracy by incorporating tox-
icity analysis, morphology
changes and changes in bio-
markers, focusing on the renal
system

DiGiMouse voxel-based
phantom models and
OLINDA 2.1

212PbVMT01 induced renal damage in the
tubules in the kidney and not in the glomeruli.
The escalation in doses resulted in doses
between 0-24.6 Gy to the kidneys. A decrease
in the number of red blood cells was observed
at 30-week post-injection of 6.6Mbq.

106
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Table 5 (Continued )

Macrodosimetry

Radiopharmaceutical Objective Dosimetry Methodology Findings
Reference
number

212Pb-labeled peptides Evaluate the absorbed dose of a-
and b-emitting radioligands, with a
focus on the effects when the pep-
tide the isotope is labeled to, is
altered

Monte Carlo Particle and
Heavy ion transport code
system (PHITS) and DiGi-
Mouse voxel-based phan-
tom models

212Pb bound to different peptides deposited 20%
more dose to the tumors, with the same renal
dose deposition, thus reinforcing the idea of
performing correct peptide labeling to 212Pb to
ensure good tumor control.

107

Nanodosimetry

Radiopharmaceutical Objective Dosimetry Methodology Findings Reference
number

212Pb Evaluate the efficacy of a-, b-, and
Auger electron-emitting radionu-
clides for targeted radionuclide
therapy in early brain metastasis
models

Monte Carlo simulation:
Geant4-DNA

212Pb showed higher DSB yields (7.64 § 0.12
and 9.15§ 0.24 per GbpGy compared to 177Lu
(2.69§ 0.08 per GbpGy), suggesting better effi-
cacy for short-range targeting of micrometa-
static lesions.

108

212Pb, 225Ac, 223Ra and 211At Evaluate the efficacy of double-
stranded DNA breaks caused by
a- particle transport and determine
the absorbed dose to the nucleus
when varying the binding location
of the radionuclide

Monte Carlo simulation:
Geant4, Geant4-DNA,
TOPAS and TOPAS-nbio

212Pb showed a higher percentage of alpha par-
ticles crossing the nucleus outer surface when
the initial radionuclide location was in the cell
membrane, as compared to 225Ac, 223Ra and
211At. However, 225Ac and 223Ra exhibited a
higher dose to the nucleus per decay as com-
pared to 212Pb and 211At, thus suggesting that
for effective therapy, cell surface binding is not
sufficient, instead localized nuclear delivery
near the nuclease will result in significant DNA
damage

109

212Pb and 212Bi Evaluate the dose contribution of b-
and gamma particles and their
non-localized energy deposition
using a diffusion leakage model
with dose point kernels

Monte Carlo simulation:
TOPAS, COMSOL Multi-
physics, DaRT

The absorbed dose contributions by beta and
gamma particles were lower at radial distances
>1.0 mm, as compared to 212Bi, suggesting bet-
ter localized dose delivery to the tumor and is
desirable for organs at risk that surround the
tumor volume.

110

212Pb-anti-HER2/neu and 212Pb-
unlabelled

Evaluate the efficacy of the RBE of
a-, b-, and Auger electron-emitting
radionuclides for targeted radionu-
clide therapy using 212Pb-anti/
HER2/neu, as compared to unla-
beled 212Pb, for murine mammary
carcinomas

Monte Carlo simulation:
Geant4

212Pb-anti/HER2/neu showed an RBE of 8.3 at
37% cell survival and a survival-independent
RBE of 9.9 as compared to unlabeled 212Pb.
The unlabeled 212Pb showed no significant
absorbed dose induced cellular proliferation or
clonogenic reduction, thus highlighting the
importance of precise targeting for effective
tumor cell killing

111
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Figure 8 Multiscale Dosimetry of alpha Particles in 212Pb-Targeted Alpha Therapy.(a) At the organ or tumor level, the
short range of a-particles combined with heterogeneous uptake of 212Pb-labeled vectors results in highly non-uniform
absorbed dose distributions. (b) At the cellular scale, stochastic emission of a-particles and redistribution of short-lived
daughters (212Bi, 212Po) cause substantial variability in dose deposition between adjacent cells. (c) At the subcellular
level, a-particle tracks deliver densely ionizing radiation that induces clustered DNA lesions, driving the high relative
biological effectiveness characteristic of 212Pb-TAT.
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stochastic nature of energy deposition at micrometer dimen-
sions. In this framework, the specific energy (z) serves as the
microdosimetric analogue of the absorbed dose.101 It is
defined as the ratio of the energy imparted by ionizing radia-
tion (e) to the mass of a small target volume (m). Unlike the
absorbed dose, which represents a mean quantity, the spe-
cific energy is inherently stochastic, reflecting the probabilis-
tic distribution of individual radiation interactions at
microscopic scales.
Microdosimetry therefore, becomes essential to assess both

therapeutic efficacy and normal tissue toxicity. At the cellular
and subcellular scale, the localization of activity (eg, on the
membrane, in the cytoplasm, or in the nucleus) critically
determines the energy deposition in the nucleus and the
probability of DNA damage. This makes 212Pb particularly
sensitive to assumptions about sub-cellular pharmacokinet-
ics, as its alpha-emitting daughters (212Bi, 212Po) impart a
highly localized dose.
Computational approaches for 212Pb microdosimetry

include analytical formalisms for simple geometries and full
MC simulations (eg, Geant4-DNA, MCNPX, GATE) for real-
istic cell and tissue structures. These methods allow evalua-
tion of self-dose and cross-dose within cell clusters, DVH in
tumors, and stochastic distributions of specific energy at the
micrometer scale. Such modelling has demonstrated that
dose heterogeneity, rather than mean organ dose, is often the
relevant predictor of both tumor control and toxicity in
TAT.96

Incorporation of small-scale and microdosimetric mod-
els into the 203Pb/212Pb dosimetry framework enables
bridges the gap between macroscopic TAC-derived resi-
dence times and the microscopic energy deposition pat-
terns that determine therapeutic outcome in 212Pb TAT.
These findings are summarised in Table 5 and demon-
strated in Figure 8.
The Emerging Impact of Artificial
Intelligence on Targeted Alpha
Therapy
Artificial intelligence (AI), particularly deep learning (DL), is
increasingly applied to radiopharmaceutical therapy dosime-
try, improving efficiency and accuracy in patient-specific
workflows.112,113 For 203Pb/212Pb theranostics, AI facilitates
automated organ and tumor segmentation, reducing operator
variability and expediting dose calculation.114 DL models can
enhance image quality through denoising, super-resolution
reconstruction, and image synthesis from early acquired PET
or surrogate images, enabling quantitative imaging with
reduced patient burden.

Crucially, AI can generate voxel-wise dose maps from pre-
therapy surrogate imaging (203Pb) to predict therapeutic
(212Pb) distributions, addressing intra-organ heterogeneity
and non-uniform radiation dose deposition, which are com-
mon challenges in TAT.115 Generative and CNN-based mod-
els have demonstrated improved dose prediction and organ
segmentation accuracy while maintaining clinically accept-
able error.116

Despite these advances, limitations include scarcity of
comprehensive multi-institutional training datasets, variabil-
ity in imaging protocols, and the need to account for daugh-
ter radionuclide redistribution in alpha-emitter decay chains.
Standardization, rigorous validation, and integration of phys-
iologically based pharmacokinetic modeling with AI will be
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essential to fully realize robust, patient-friendly dosimetry in
203Pb/212Pb theranostics.
Conclusion
The emerging theragnostic pair 203Pb/212Pb represents a
powerful platform for quantitative imaging and personalized
TAT. While 203Pb enables accurate pre-therapeutic dosimetry
through high-quality SPECT/CT imaging and robust phar-
macokinetic modelling, translation to 212Pb requires careful
consideration of daughter nuclide migration, chelator stabil-
ity, and the short-ranged, high-LET nature of emitted a-par-
ticles. Advances in image reconstruction, TAC fitting, and
TIA estimation, combined with voxel-level and microdosi-
metric approaches, are refining the accuracy of absorbed
dose calculations. Ultimately, integration of these methods
into patient-specific dose computations provides the founda-
tion for individualized treatment planning. Continued devel-
opment of quantitative imaging, coupled with
microdosimetric modelling, is expected to transform 212Pb
dosimetry from a conceptual framework into a clinically
applicable tool, enabling safer, more effective, and personal-
ized a-particle therapy.
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