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a-therapy with 225Ac-labeled radioligands targeting prostate-specific
membrane antigen (PSMA) has emerged as a promising treatment
option for advanced metastatic castration-resistant prostate cancer.
Because of a-recoil, the progeny is released from the PSMA-targeted
molecule and can undergo redistribution, contributing to off-target
toxicity. Here, we report on biodistribution and dosimetry studies
of [225Ac]Ac-PSMA I&T performed in mice to investigate the pharma-
cokinetics of the radioligand compared with unbound progeny.
Moreover, the cellular uptake and externalization kinetics of [225Ac]Ac-
PSMA I&T were compared with those of its 177Lu-labeled analog.
Methods: In vitro studies were performed on LNCaP and PC3 PIP
cells. Biodistribution studies (performed 10 min to 7 d after injection)
were conducted in LNCaP tumor–bearing and healthy mice. Equilib-
rium uptake was determined 24 h after dissection by quantification of
221Fr (218 keV) and 213Bi (440 keV). Tissues of interest (kidneys, sali-
vary glands, and tumor tissue) were measured immediately after dis-
section until reaching equilibrium to determine the time-dependent
activity distribution of 221Fr and 213Bi. Absorbed doses were calcu-
lated using MIRDcalc, assuming decay of the progeny at the site of
the first decay versus taking into account redistribution of unbound
progeny. Results: [225Ac]Ac-PSMA I&T demonstrated cell-binding
characteristics and cellular retention similar to those of [177Lu]Lu-
PSMA I&T. In biodistribution studies, no redistribution of 221Fr and
213Bi was measured from tumor tissue. Higher uptake of 213Bi was
found in the kidneys (2-fold higher at 10 min and at 1 h after injection)
and salivary glands (1.7-fold and 8.5-fold higher at 10min and 1 h after
injection, respectively) at the time of death compared with equilibrium.
This contribution increased the absorbed dose in the kidneys and sali-
vary glands by a factor of 1.3 and 2.5, respectively, assuming uptake
of 221Fr and in situ formation of 213Bi. Conclusion: The PSMA-
targeting characteristics and pharmacokinetics of [225Ac]Ac-PSMA
I&T are similar to those of [177Lu]Lu-PSMA I&T. The progeny of
[225Ac]Ac-PSMA I&T is trapped in tumor tissue. Uptake of liberated
decay products into the salivary glands and kidneys was identified as
an additional factor explaining the increased side effects of 225Ac ther-
apy compared with 177Lu-based radioligands.
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The a-emitter 225Ac shows promise for prostate-specific
membrane antigen (PSMA)–targeted therapy of metastatic castration-
resistant prostate cancer (1). The 2 most frequently applied
radioligands for targeted a-therapy (TAT)—PSMA-617 and PSMA
I&T—are expected to have a similar efficacy on the basis of retro-
spective studies (2,3). [225Ac]Ac-PSMA I&T and [225Ac]Ac-
PSMA-617 are currently being evaluated in prospective clinical
trials and are applied under compassionate use for the treatment of
patients with metastatic castration-resistant prostate cancer and
refractory to [177Lu]Lu-PSMA therapy (1).
TAT was found to reduce prostate-specific antigen levels by more

than 50% in 50%–65% of heavily pretreated patients, depending on
patient selection criteria (1–3), and by more than 90% in 82% of
chemotherapy-naïve patients (4). The elevated radiobiologic effect
of a-emitters bears potential risks for healthy tissues. One of the
most common side effects of 225Ac TAT is permanent grade 1–3
xerostomia (1). The accompanying reduction in quality of life results
in discontinuation of treatment in a significant portion of patients,
despite their response to treatment (2). Although an overall tolerable
toxicity profile was found in retrospective studies, with a modest
level of hematologic and renal toxicity (1), data on long-term side
effects are scarce and warrant further evaluation, especially when
applying 225Ac TAT in earlier lines of treatment.

225Ac has a half-life of 9.9 d and decays by emission of 4
a- and 2 b-particles (Fig. 1). Once the first a-particle is emitted, a
recoil effect occurs, liberating the daughter nuclide (221Fr) from the
PSMA-targeting vector (5). Unbound 221Fr and its nonbound decay
nuclides can potentially redistribute and contribute to off-target tox-
icity. In previous dosimetry estimates, it was assumed that all
daughter nuclides decay at the site of the first a-decay without any
relevant relocation (6).
In the present study, we aimed to determine the fate of the

daughter nuclides of a single injection of [225Ac]Ac-PSMA I&T
in biodistribution studies of healthy and tumor-bearing mice. Organs
of interest were measured immediately after dissection at multiple
time points by quantification of the g-energies of 221Fr and 213Bi
until reaching a secular equilibrium with 225Ac. Three scenarios
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were considered. If uptake at the time of dissection was higher than
at equilibrium, this would suggest accumulation of unbound, non-
equilibrium nuclides within the organ. If uptake was lower, it would
indicate rapid delocalization of the liberated progeny from the tissue
after the first decay. Finally, if the count rate remained constant, it
would imply that the decay products stayed trapped within the organ
at the site of the first decay. The biodistribution studies were accom-
panied by a detailed in vitro characterization of the cell uptake and
cellular retention kinetics of [225Ac]Ac-PSMA I&T versus [177Lu]Lu-
PSMA I&T.

MATERIALS AND METHODS

Details on lipophilicity measurements and cell culture are provided
in the supplemental materials, available at http://jnm.snmjournals.org.

Radiolabeling
225Ac was provided by the Joint Research Centre of the European

Commission. The radionuclidic and radioisotopic purities of 225Ac
exceeded 99.98% for all batches, according to the certificate of analy-
sis. Quality control of the 225Ac produced from a 229Th source included
a- and g-spectrometry and inductively coupled plasma mass spectro-
metry, as described previously (7). Radiolabeling with 225Ac and qual-
ity control was performed as previously described (8). Further details
on the labeling protocol and quality control procedures are provided in
the supplemental materials. Labeling of PSMA I&T with 177Lu and
quality control were performed in accordance with established proce-
dures (9).

Affinity Studies
Competitive binding studies were performed on LNCaP cells (1.5 3

105 cells per well). Because of the absence of a nonradioactive 225Ac
isotope, the studies were performed using an inverse approach, as previ-
ously described (10), using natural Lu-PSMA I&T as a reference radioli-
gand in increasing concentrations (1025–10211 M per well; n 5 3 each),
whereas the radioligands were applied in a concentration of 5.0 nM per
well. In this inverse experimental approach, higher inhibitory concentra-
tion of 50% values corresponded with higher affinities (inverse inhibi-
tory concentration of 50%).

Internalization Studies
Internalization of the radiolabeled radioli-

gands (5.0 nM per well) was determined on
PC3 PIP and LNCaP cells (1.5 3 105 cells per
well) at 37 �C after 30 and 60 min (n 5 3), as
previously described (10). Surface-bound radi-
oligand was removed by a washing step with
excess of 2-phosphonomethyl pentanedioic acid
(PMPA) (MedChemExpress). Unspecific inter-
nalization was determined in a parallel block-
ade experiment (n 5 3) by incubation of the
radioligand in excess PMPA. The amount of
internalized activity was corrected for
surface-bound and nonspecifically internalized
radioligand.

Externalization Studies
Cellular retention of the PSMA radioli-

gands in PC3 PIP cells (1.5 3 105 cells per
well) was determined after 60, 120, and
180 min (n 5 3). After the incubation period
(5.0 nM per well for 1 h at 37 �C), the super-
natant with unbound free radioligand was
removed and fresh assay medium was added.
Cellular retention was determined in 2 experi-

mental conditions: 37 �C alone and 37 �C with blocking of reinternali-
zation with molar excess of PMPA. In each condition, surface-bound
radioligand was removed by PMPA. The remaining internalized frac-
tion was determined after lysis and normalized to the internalized frac-
tion after 60 min of incubation.

Animals and Tumor Xenograft Model
All animal experiments were conducted in accordance with the general

animal welfare regulations in Germany (approval 55.2-1-54–2532-216-
2015) and the institutional guidelines for the care and use of animals.
Biodistribution studies were conducted in 6- to 8-wk-old, healthy, male
C57BL/6 mice and LNCaP tumor–bearing SCID mice (Charles River
Laboratories) (10). Animals with a tumor diameter of greater than
0.5 cm were used for the experiments.

Biodistribution Studies
Biodistribution of the radioligand was investigated in groups (n 5 5)

of healthy and LNCaP tumor–bearing mice after 10 min, 1 h, 24 h, and
7 d. [225Ac]Ac-PSMA I&T (72 6 8 kBq, 1 nmol) in isotonic saline was
injected via catheter into the tail vein of animals under isoflurane anes-
thesia. At 10 min, 1 h, and 24 h after injection, organs of interest in
tumor-bearing mice (kidneys, submandibular glands, and tumors) were
excised, weighed, and measured immediately after dissection in a
g-counter, by separate quantification of the g-energies of 221Fr and
213Bi. These measurements were repeated multiple times until reaching
equilibrium. All organs were remeasured at approximately 24 h after dis-
section to ensure equilibrium between 225Ac and its progeny.

Counts per minute were corrected for background radiation and
adjusted for radioactive decay to the time of injection using the half-
life of 225Ac. Uptake of [225Ac]Ac-PSMA I&T at equilibrium was
expressed as a percentage of the injected activity per gram of tissue.
Nonequilibrium data were normalized to the uptake value of the speci-
fic organ at equilibrium and presented as a percentage of uptake at
equilibrium (UEQ). The UEQs of the organs of interest (n 5 5 per
group) and the time interval between g-counter measurement and sac-
rifice of the mouse were plotted until equilibrium was achieved.

Dosimetry Calculations
The time-integrated activity coefficients for [225Ac]Ac-PSMA I&T

were calculated using the biodistribution data in tumor-bearing

FIGURE 1. Structural formula of [225Ac]Ac-PSMA I&T and decay nuclides.
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animals, as described previously (11). Normal organ radiation doses
were estimated for a 73-kg standard adult anatomic model using the
time-dependent organ activity accumulation and the total-body activi-
ties measured in the biodistribution studies (12). Tissue activity con-
centrations were converted to fractional activities in the standard
73-kg adult by considering the relative organ masses between the stan-
dard adult and the 25-g mouse. The relative biologic efficacy for the
a-particles was assumed to be 5 (6). Absorbed dose values were calcu-
lated with MIRDCalc version 1.21 (Genesis) (13). To calculate the
impact of nonequilibrium progeny on the absorbed dose of the salivary
glands and kidneys, the time-integrated activity coefficients of equilib-
rium and nonequilibrium uptake were determined by numeric integra-
tion using the trapezoidal rule. Respective deltas were determined, and
absorbed dose values were calculated for 2 scenarios: either accumula-
tion of nonequilibrium 221Fr (scenario 1, with 3 of 4 a-decays in organs
at risk) or 213Bi (scenario 2, with 1 of 4 a-decays in organs at risk).
Dosimetry data were generated using the equilibrium and nonequilibrium
data of 213Bi. The calculations for 221Fr (scenario 1) assumed that all
nonequilibrium 213Bi was in situ generated from 221Fr within the organ
of interest. Moreover, the impact of the presence of 10% of [213Bi]Bi-
PSMA I&T, which could form as a side product during radiolabeling,
on the dosimetry was calculated (supplemental materials).

RESULTS

Radiolabeling
Radiochemical yield, determined by radio–thin layer chroma-

tography, of [225Ac]Ac-PSMA I&T at the end of synthesis was
98.4% 6 1.0%. After radiosynthesis and formulation, injection of
all animals in a group was completed in 1.5–3.5 h. Over this time
span, radiochemical purity by radio–thin layer chromatography of
the formulated product decreased to 95.5 6 0.6% at 4 h after syn-
thesis. Radiochemical purity, as determined by high-performance
liquid chromatography, was 99% or greater after radiosynthesis
and 95.0% or greater at 4 h after synthesis, with fraction-based
quantification of the eluate in a g-counter (representative chromato-
grams provided in Supplemental Fig. 1). Radiochemical yield and
radiochemical purity of [177Lu]Lu-PSMA I&T were 97% or greater.

In Vitro Characterization
225Ac-labeled PSMA I&T was slightly less hydrophilic than

[177Lu]Lu-PSMA I&T, with log D (octanol and phosphate-
buffered saline, pH 7.4) values of 23.7 6 0.2 and 24.1 6 0.1,
respectively. Both compounds demonstrated a comparable and high
binding affinity to PSMA and similar internalization kinetics into
PSMA-expressing cells. Uptake into LNCaP cells was approximately
3-fold lower than in PC3 PIP cells. In the cellular retention assay,
which mimics the in vivo situation by allowing reinternalization,
both radioligands had a cellular retention of approximately 60%
after 180 min. By blocking reinternalization, cellular retention
dropped to 15% for both radioligands (Fig. 2; Supplemental Table 1).

In Vivo Characterization
Considering the relatively large fraction of noninternalized radio-

ligand after 180 min in the cellular in vitro models, we aimed to
further investigate the distribution of [225Ac]Ac-PSMA I&T and
the 225Ac-derived progeny (221Fr and 213Bi) in mouse models.

Biodistribution at Equilibrium. All organs were measured 24 h
after dissection, meaning that nonequilibrium daughter nuclides
had already decayed and uptake values corresponded solely to the
distribution of [225Ac]Ac-PSMA I&T. The biodistribution data
were acquired by quantification of the g-emission of 221Fr (Fig. 3)

and 213Bi (Supplemental Fig. 2; Supplemental Table 2). At 10 min
after injection, the maximum tumor uptake of approximately
5 %IA/g was reached. Analogous to the in vitro experiments, 60%
of the activity was retained in the tumor tissue after 24 h over 7 d.
After 10 min, most off-target tissues (e.g., submandibular glands)
displayed a similar uptake as measured in the blood pool, ranging
from 1 to 4 %IA/g, with rapid excretion during the first hour. Pro-
nounced excretion of the radioactivity occurred via the kidneys,
with a maximum uptake of 25 %IA/g at 10 min and rapid clear-
ance kinetics within 24 h (#3.5 %IA/g). In tumor-bearing animals,
a fraction of the activity accumulated in the liver (2 %IA/g) and
was not cleared within 7 d. In contrast, the activity in the liver of
healthy animals cleared within the first hour to less than 0.7 %IA/g.
With this exception, the overall distribution pattern was similar
between healthy and tumor-bearing animals. No significant differ-
ences in distribution were found between 221Fr and 213Bi.

A

B

C

FIGURE 2. In vitro characteristics of [225Ac]Ac-PSMA I&T (blue) and
[177Lu]Lu-PSMA I&T (green). (A) Lipophilicity expressed as partition coeffi-
cient (log D) in octanol and phosphate-buffered solution (PBS) pH 7.4
(n5 6) and binding affinities (inverse IC50; 1 h, 4�C, n5 3). (B) Internaliza-
tion kinetics into PC3 PIP cells (solid lines) and LNCaP cells (dashed lines)
at 37 �C, over 60 min (n 5 3). (C) Cellular retention in PC3 PIP cells over
180 min at 37 �C, with reinternalization (re-int.) (solid lines) and blocking of
reinternalization (dashed lines) by molar excess of PMPA (n 5 3). Data are
presented as mean6 SD. IC505 inhibitory concentration of 50%.
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Nonequilibrium Biodistribution. The UEQ describes the per-
centage change in uptake of 221Fr and 213Bi at multiple time points
after dissection compared with equilibrium. On average, 20–30 min
elapsed between the time of death and the measurement of the first
organ in the g-counter.

213Bi uptake in the kidneys at 10 min and 1 h after injection
was 1.8- and 2-fold higher at the time of death compared with
equilibrium, respectively (Figs. 4A and 4B). No differences in
uptake were found in the kidneys at 24 h after injection. Uptake of
213Bi in the submandibular glands at 10 min and 1 h after injection
was approximately 1.7- and 8.5-fold higher at the time of death,
respectively, corresponding to 2.9 and 2.2 %IA/g, compared with
the equilibrium uptake of 1.7 and 0.3 %IA/g (Figs. 4C and 4D).
Because of the rapid washout of [225Ac]Ac-PSMA I&T from murine
salivary glands (,0.1 %IA/g), no analysis was performed at 24 h

after injection. 213Bi uptake remained con-
stant in tumor tissue at all time points (Sup-
plemental Fig. 3).
The uptake of short-lived 221Fr remained

nearly constant after dissection until reach-
ing equilibrium in the kidneys and tumor
tissue, reflected by a mean UEQ of approx-
imately 100% 6 10%. In the salivary
glands, the trends were less pronounced
compared with the distribution of 213Bi
(Supplemental Fig. 4).

Dosimetry Calculations. Using the data
from mice at equilibrium, the absorbed
dose of [225Ac]Ac-PSMA I&T in the
kidneys and salivary glands was 1.11 and
0.20 SvRBE5/MBq, respectively. These values
reflect instant decay of the daughter nuclides
without translocation. All other equilibrium
values are summarized in Supplemental
Table 3. Time-integrated activity coefficients
were 135% and 295% higher in the kidneys

and salivary glands, respectively, with additionally considering non-
equilibrium distribution compared with equilibrium alone. For the
kidneys, this would result in an absorbed dose of 1.40 SvRBE5/MBq,
assuming accumulation of nonequilibrium 221Fr until decay to stable
209Bi. When translocation of 213Bi only is assumed, the absorbed
dose in the kidneys would increase to 1.21 SvRBE5/MBq. Regarding
nonequilibrium uptake in the salivary glands, the absorbed dose
would increase to 0.50 and 0.30 SvRBE5/MBq for accumulation of
nonequilibrium 221Fr (3 additional a-decays) and 213Bi (1 addi-
tional a-decay), respectively. The potential presence of 10% of
[213Bi]Bi-PSMA I&T in the formulation had no significant impact
on the absorbed doses (supplemental materials).

DISCUSSION

Currently, TAT with [225Ac]Ac-PSMA is most often used for
treatment of metastatic castration-resistant prostate cancer after
extensive pretreatment with novel antiandrogens, chemotherapy,
and 177Lu radiopharmaceutical therapy (1). The higher linear
energy transfer of an a-particle, compared with 177Lu, results in a
4.2-fold greater relative biologic effectiveness of [225Ac]Ac-
PSMA I&T compared with [177Lu]Lu-PSMA I&T and allows for
the treatment of highly resistant tumor cells (14).
Because of the elevated cytotoxicity of [225Ac]Ac-PSMA I&T,

we investigated the in vivo distribution of [225Ac]Ac-PSMA I&T
in healthy and tumor-bearing mouse models, with a focus on the
distribution of nonequilibrium daughter nuclides.
In cell assays, [225Ac]Ac-PSMA I&T and [177Lu]Lu-PSMA

I&T showed comparable binding affinities and uptake kinetics in
LNCaP and PC3 PIP cells, indicating that the increased relative
biologic effectiveness of the a-emitting radioligand is due to the
radionuclide’s properties and not influenced by different cell-
binding characteristics arising from the different complex struc-
tures. These results align with a previous in vitro comparison of
both radioligands on PC3 PIP cells (14). The lower internalization
rate into LNCaP cells compared with that of PC3 PIP cells can be
explained with the approximately 10-fold lower number of PSMA
binding sites on LNCaP cells versus PC3 PIP cells (15).
The overall distribution profile of [225Ac]Ac-PSMA I&T, distin-

guished by rapid clearance from the blood pool (mainly via the
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equilibrium. D Time 5 difference between time of measurement in
g-counter and time of sacrifice of mouse; p.i.5 postinjection.

g/AI
%

FIGURE 3. Biodistribution of [225Ac]Ac-PSMA I&T in LNCaP tumor–bearing (blue) and healthy
animals (green) at 10 min, 1 h, 24 h, and 7 d after injection. Samples were measured 24 h after dissec-
tion in g-counter by quantification of 221Fr. Data are expressed as mean 6 SD percentage of injected
activity per gram (n5 5). Subm.5 submandibular glands.
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renal system and rapid tumor uptake), can be compared with that of
[177Lu]Lu-PSMA I&T, reported by our group in a previous study
using the same xenograft model (11). In that study, [177Lu]Lu-PSMA
I&T displayed an 11- and 22-fold higher uptake in the kidneys at 1 h
(166 6 21 IA/g) and 24 h and (77 6 23 %IA/g), respectively,
compared with the [225Ac]Ac-PSMA I&T data found in the current
study (15 6 3 and 4 6 1 %IA/g at 1 and 24 h after injection,
respectively) (11). This finding can be explained by the 25-fold
higher amount of peptide injected in the current study, arising from
the different molar activity of [225Ac]Ac-DOTA–based molecules
(0.1–0.2 MBq/nmol) (16) compared with their 177Lu-labeled coun-
terparts (30–50 MBq/nmol) (17). Injection of formulations with a
low molar activity has been found to reduce kidney uptake of
PSMA-targeted molecules (18,19). Liver uptake was increased by
up to 5-fold in tumor-bearing animals compared with healthy con-
trols, supporting the assumption that the radioligand is metabolized
in tumor tissue and that 225Ac or other lipophilic metabolites accu-
mulate in the liver (20). Elevated uptake of [225Ac]Ac-PSMA-617
in the liver was also found in tumor-bearing animals, whereas the
uptake of the 177Lu-labeled version in the liver was minor (21).
The salivary glands are considered a main dose-limiting organ

for PSMA TAT. The molecular mechanism of PSMA radioligand
uptake into the salivary glands is not completely understood.
Because endogenous PSMA expression is considerably lower than
empiric PSMA radioligand uptake would account for (22), possi-
ble uptake mechanisms include an affinity to glutamate carboxy-
peptidase III (23) and ion-transporter or transporter-independent
systems (24). Results from the current study indicate that salivary
gland uptake of liberated progeny may contribute to the increased
salivary gland toxicity of [225Ac]Ac-PSMA compared with that of
177Lu-labeled analogs. The effect of unbound progeny signifi-
cantly increased the absorbed dose in the salivary glands by a fac-
tor of 1.5 (uptake of 213Bi, 1 additional a-decay) to 2.5 (uptake of
221Fr, 3 additional a-decays). It is noteworthy that the salivary gland
values at equilibrium (0.20 SvRBE5/MBq) are more than 10-fold
lower than those calculated by Kratochwil et al. using human data
(2.33 SvRBE5/MBq) (6). This can be explained by the significantly
lower uptake of PSMA radioligands in mice versus humans (25).
Unbound 213Bi is known for its clearance via the renal system

(26). To the best of our knowledge, no data are available on its
accumulation in the salivary glands. Early work investigating the
distribution of monovalent 221Fr described its accumulation in the
salivary glands of rats (27), which may help to explain the in situ
presence of elevated levels of unbound 213Bi deriving from 221Fr.
Our absorbed dose for the kidneys at equilibrium (1.11 SvRBE5/MBq)

falls in a similar range as previously determined for [225Ac]Ac-
PSMA-617 (0.74 SvRBE5/MBq), using human data from the
177Lu compound (6). For the kidneys, the additional uptake of
nonequilibrium nuclides only moderately increased the absorbed
dose by an average factor of 1.1–1.3, corresponding to 1.21–
1.40 SvRBE5/MBq. Our findings of increased renal uptake align with
results from a study performed with a small patient cohort (n 5 5)
using quantitative posttreatment 221Fr/213Bi-based SPECT/CT after
PSMA TAT (28). Here, the kidney SUV ratio of 213Bi compared
with that of 221Fr increased by 9 6 8% over time, indicating a non-
PSMA–driven behavior of 213Bi as a result of redistribution and
renal excretion, whereas 221Fr was concluded to remain at the site
of the first decay (28).
The apparent absence of nonequilibrium 213Bi salivary gland

uptake at 24 h after injection is likely a result of the rapid clear-
ance of the radioactivity from the organism. After 24 h, significant

uptake (1–4 %IA/g) was found solely in the liver, kidneys, and tumor
tissue, cumulatively corresponding to approximately 2.0 kBq, which
makes it nearly impossible to assess potential redistribution. With a
mean time of 20–30 min from time of death to the first measurement
of resected tissues in the g-counter, it is less surprising that no signifi-
cant amount of nonequilibrium 221Fr was detected after 4–6 half-lives.
Importantly, the absence of redistribution of 221Fr and 213Bi

from tumor tissue in this preclinical model suggests that the effec-
tiveness of 225Ac TAT relies on cumulative energy transfer by
225Ac and its a-emitting progeny. Apart from redistribution, the
effects of 225Ac progeny present in the formulation need to be con-
sidered. Secular equilibrium with 225Ac is established after approxi-
mately 6 half-lives of the respective daughter nuclide, meaning that
a dose of [225Ac]Ac-PSMA I&T contains almost the identical
amount of activity of 221Fr, 217At, 213Bi, and 213Po at 4.5 h after syn-
thesis (29). Despite the short half-lives of 225Ac progeny, their distri-
bution will most likely increase the absorbed dose to off-target
tissues. In the current study, effects from daughter nuclides in the
formulation are negligible on the nonequilibrium uptake found in the
salivary glands and kidneys, owing to the constant high uptake in
these tissues between 10 min and 1 h after injection. Pentetic acid is
often added as a chelator to clinical formulations of 225Ac-based
pharmaceuticals to promote their excretion (8). However, no studies
are available on beneficial effects on clearance kinetics.
A general limitation of the current study is the low injected

activity (,0.1 MBq), which is prone to errors because of the
effects from background radiation and limits of quantification in
the g-counter. Because of the short half-lives of the a-emitting
progeny in combination with rapid excretion of [225Ac]Ac-PSMA
I&T from mice at 24 h after injection, assessment of nonequili-
brium distribution remains challenging, especially for 221Fr and at
later time points. The dosimetry calculation, considering the accu-
mulation of nonequilibrium 221Fr, assumed that the measured
nonequilibrium 213Bi was formed in situ from nonequilibrium
221Fr within the organ of interest. Moreover, differences between
murine and human organs can affect the distribution of nonequili-
brium nuclides within the organism.

CONCLUSION

[225Ac]Ac-PSMA I&T demonstrated cell-binding characteristics
and pharmacokinetics similar to those of its 177Lu-labeled analog,
which is reassuring for its clinical use. The a-emitting progeny of
225Ac remained trapped in tumor tissue, explaining the high effi-
cacy of PSMA TAT. 213Bi formed by a-recoil accumulated in the
salivary glands and renal system, resulting in an increased
absorbed dose to the organs at risk. The effect of unbound progeny
to the development of xerostomia and potential long-term side
effects on the renal system warrant further investigation.
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KEY POINTS

QUESTION: Do decay nuclides liberated during 225Ac TAT of
metastatic castration-resistant prostate cancer contribute to toxicity
in the salivary glands and kidneys?

PERTINENT FINDINGS: In this preclinical study, liberated decay
nuclides were found to accumulate in murine salivary glands and
kidneys, resulting in an increased absorbed dose in these organs.
No redistribution was found from tumor tissue, explaining the high
efficacy of TAT.

IMPLICATIONS FOR PATIENT CARE: Strategies promoting the
excretion of decay nuclides during 225Ac TAT could reduce risks
for the development of xerostomia or renal impairment in patients
receiving this therapy.
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