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Abstract

Background Dosimetry in ['”/Lu]Lu-PSMA therapy is a valuable tool to assess treatment efficacy and toxicity. This
study aims to develop a clinically implementable protocol to determine the absorbed dose in organs and tumor
lesions after ['/Lu]Lu-PSMA-617 therapy, by reducing the imaging time points and utilizing population-based kinetics
with a single scan, with evaluation of its influence on the uncertainty in absorbed dose.

Methods Ten patients with metastatic hormone-sensitive prostate cancer received two cycles of ['//Lu]Lu-PSMA-617.
Post-treatment imaging was performed at 1 h, 24 h, 48 h, 72 h and 168 h, consisting of three-bed positions SPECT/CT
and a whole-body planar scan. Five-time point SPECT dosimetry was performed for lesions and organs with physio-
logical uptake (kidneys, liver and salivary glands) and used as the reference standard. Absorbed dose values for various
simplified protocols were compared to the reference standard.

Results Accurate lesion dosimetry is possible using one-time point SPECT imaging at 168 h, with an increase in
uncertainty (20% vs. 14% for the reference standard). By including a second time point, uncertainty was comparable
to the reference standard (13%). Organ dosimetry can be performed using a single SPECT at 24 h or 48 h. Dosimetry
based on planar scans did not provide accurate dose estimations.

Conclusion Accurate lesion dosimetry in ['”/Lu]Lu-PSMA therapy can be performed using a one- or two-time point
protocol, making dosimetry assessments more suitable for routine clinical implementation, although dosimetry based
om multiple time points is more accurate.

Clinical trial registration This study was approved by the Medical Review Ethics Committee Region Arnhem-Nijmegen
on January 23,2018 and was registered on clinicaltrials.gov (NCT03828838).

Keywords ['//Lu]Lu-PSMA, Dosimetry, Radionuclide therapy, Prostate cancer, mHSPC

TSteffie M. B. Peters & Maaike C.T. Mink have contributed equally. James “ Department of Medical Oncology, Radboud University Medical Center,
Nagarajah and Mark W. Konijnenberg have contributed equally. Nijmegen, The Netherlands

° Department of Radiology and Nuclear Medicine, Erasmus Medical
Center, Rotterdam, The Netherlands

*Correspondence:

Steffie M. B. Peters

steffie.peters@radboudumc.nl

! Department of Medical Imaging, Radboud University Medical Center,
PO. Box 9101, 6500 HB Nijmegen, The Netherlands

2 Department of Physics and Astronomy, Radboud University, Nijmegen,
The Netherlands

3 Department of Urology, Radboud University Medical Center, Nijmegen,
The Netherlands

. ©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ SPrlnger O pe n permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13550-023-00952-z&domain=pdf
http://orcid.org/0000-0002-0752-7134

Peters et al. EJINMMI Research (2023) 13:6

Introduction
[(’Lu]Lu-PSMA radioligand therapy is increasingly
applied in metastasized prostate cancer patients [1-8]. A
recent phase III study in patients with castration-resistant
prostate cancer reported that both the progression-free
survival and overall survival are significantly improved
with [Y7/Lu]Lu-PSMA-617 therapy [9]. The most com-
mon adverse events reported were fatigue, (mild) dry
mouth and nausea. Moreover, the incidence of thrombo-
cytopenia and lymphopenia was about three times higher
in the treated group compared to the control group, indi-
cating bone marrow toxicity is an important concern
in these heavily pre-treated patients. Nevertheless, it is
expected that upon registration of [*”’Lu]Lu-PSMA-617,
the therapy will be implemented as standard of care in
metastatic prostate cancer (mPC) with a large number
of patients eligible for this treatment. However, despite
selecting patients based on the level of PSMA uptake on
PET scans, only about 50% of the patients showed a pros-
tate-specific antigen (PSA) response (decrease of>50%).
This suggests that patient selection based on PSMA bind-
ing in target lesions alone is not sufficient. By calculating
absorbed doses delivered to lesions, patient selection and
treatment optimization might be improved. Moreover,
pre- or intra-therapeutic dosimetry could help to reduce
toxicity in organs at risk (e.g., kidneys and salivary glands
[10-14]). This is especially valuable in patients with
impaired function of the organs at risk, in patients that
were previously treated with radioligand therapy, and in
early-stage patients that have a longer life expectancy and
thus might suffer from the late onset of organ toxicity.

While dosimetry is generally accepted as a valuable tool
to assess tumor doses and organ toxicity, implementation
into a clinical routine is difficult due to practical con-
siderations such as patient burden (caused by repeated
scanning), hospital resources and availability of suit-
able tracers. Therefore, most ['”’Lu]Lu-PSMA dosimetry
studies performed either used planar scans instead of
3D SPECT [12, 13, 15, 16], acquired only a limited num-
ber of imaging time points [10] and/or focused on early
time points only [10, 12]. A recent dosimetry study in
metastatic hormone-sensitive prostate cancer (mHSPC)
patients used five-time point SPECT/CT imaging and
included a late time point at 7 days. This study was able
to properly sample the radiotracer uptake time-activity-
curve, however, it required significant hospital resources
and was time-consuming for patients [14]. Hence, for
dosimetry to become clinical routine, it is pivotal to sim-
plify the imaging protocol without compromising the
accuracy of the dose calculations.

Based on the data of the abovementioned study in
HSPC patients, this study aimed to develop a routinely
implementable protocol while adhering to the accuracy
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and uncertainty of the dose calculations. We hypoth-
esized that the dosimetry protocol can be optimized by
reducing the number of scanning time points and the
number of scans per time point, as was also found for
similar studies regarding ['”’Lu]Lu-DOTATATE stud-
ies for treatment of neuroendocrine tumors [17, 18].
Absorbed doses from simplified protocols were com-
pared to the absorbed dose based on the elaborate ref-
erence imaging protocol (five-time point SPECT) to
determine whether the simplification could provide a
reliable alternative, taking into account both accuracy
and uncertainty.

Methods

Study design and patient population

The data set comprised of imaging data of 10 patients
with low-volume mHSPC who received ['”/Lu]Lu-PSMA
therapy. The original prospective study was approved
by the Medical Review Ethics Committee Region Arn-
hem-Nijmegen and was registered on clinicaltrials.gov
(NCT03828838). All subjects signed an informed con-
sent form. A comprehensive description of the patient
population and clinical results has been published before
[19]. In short, mHSPC patients with prostate-specific
antigen (PSA) doubling time <6 months and <10 visible
metastases on baseline [®Ga]Ga-PSMA-PET/CT, with at
least one lesion > 10 mm in diameter, were included. All
patients underwent two cycles of ['”/Lu]Lu-PSMA ther-
apy (cycle 1: 3.1+ 0.1 GBq, cycle 2: 5.9+ 0.4 GBq).

Image acquisition

Patients received [®®Ga]Ga-PSMA-11-PET/CT imag-
ing approximately one week prior to radioligand ther-
apy. Imaging was performed 60410 min post-injection
(p.i.) on a Biograph mCT system (Siemens Healthineers,
Erlangen, Germany) scanning cranium to trochanter
major. In this study, these scans were solely used to deter-
mine lesion volumes.

After therapy, SPECT/CT and planar imaging was per-
formed at 1, 24, 48, 72 and 168 h on either a Symbia T16
or Symbia Intevo Bold system (Siemens Healthineers,
Erlangen, Germany). SPECT/CT scans were acquired at
three body regions to include lesions and organs at risk:
the pelvis, abdomen, and head-neck region. Acquisition
and reconstruction parameters of PET/CT, SPECT/CT
and planar imaging can be found in Additional file 1.

Reference standard dosimetry

The absorbed dose delivered to lesions, salivary glands,
kidneys and liver was determined using the Medical
Internal Radiation Dose (MIRD) formalism [20] based
on five-time point SPECT imaging and used as refer-
ence standard absorbed dose. This methodology and
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the corresponding results were described before [14].
In short, organ dosimetry was performed by using ref-
erence organ weights (ICRP Publication 89 adult male
human model [21]) and corresponding S-values. Counts
were determined at each time point in volumes of inter-
est (VOIs) corrected for background. Time-integrated
activity in kidneys and liver was determined assuming
instantaneous uptake from =0 to t=1 h and mono-
exponential clearance thereafter (Fig. 1A). In the sali-
vary glands, instantaneous uptake from ¢t=0 to t=1 h
was assumed, followed by linear uptake to t=24 h, and
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mono-exponential clearance thereafter (Fig. 1B). For
lesions, the volume was determined on pre-therapeutic
PSMA-PET/CT, either slice-by-slice on the low-dose
CT, or alternatively on the PET images using an iterative
thresholding method [22]. The corresponding S-value
was determined using a spherical model. The time-inte-
grated activity was determined assuming linear uptake
between t=0, t=1 h and t=24 h, and mono-exponential
clearance thereafter (Fig. 1C). Alternatively, if the Pear-
son correlation coefficient R* was below 0.7, a trapezoidal
approach was used (Fig. 1D). For this, the tail of the curve
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Fig. 1 Fitting schemes for the five-time point reference standard protocol for kidneys and liver (A), salivary glands (B), lesions (C or D depending on
R?), and for the simplified protocol using two time points (E) or one-time point (F)
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was determined using the same rate as between time
points four and five, or the physical decay rate in case this
was faster. The absorbed doses per applied activity [Gy/
GBq] for organs and lesions were determined for both
treatment cycles separately.

Protocol simplification

The reference absorbed dose was compared to the
absorbed dose calculated from fewer time points SPECT
and/or planar scans.

For one-time point SPECT dosimetry, population tis-
sue-specific tracer kinetics had to be assumed. The mean
kinetic clearance rate for that tissue was determined as
the average effective decay rate of the total patient refer-
ence data set. A mono-exponential decay function was
then applied to the single SPECT data point using this
clearance rate (Fig. 1F).

For two-time point SPECT dosimetry, the used uptake
and decay model assumed instantaneous uptake until the
first considered time point, followed by the mono-expo-
nential function connecting both time points (Fig. 1E).

Methods of comparison
After calculating the absorbed dose based on the various
compositions of time points, these compositions were
compared to the reference standard absorbed dose. For
this, several parameters were taken into account to evalu-
ate whether a simplified protocol is a feasible alternative.
A Shapiro—Wilk test was used as recommended for
small sample sizes. Its outcome did not show evidence for
a non-normal distribution, therefore, the following para-
metric statistical tests were used for further analysis.
Lin’s concordance correlation coefficient p- was used as
a measure of agreement between the reference standard
and the simplified protocol, using the following equation:

2 Opef * Os

Glazef + 052 + (Mref — Ms)2

pCc = (1)
with p the correlation coefficient between the reference
standard absorbed dose and the absorbed dose from the
simplified protocol, o, and o are the variance of the ref-
erence standard and the simplified protocol absorbed
dose, respectively, and y, and y, are the means of the
reference standard and the simplified protocol absorbed
dose, respectively. In this study, interpretation of Lin’s
concordance correlation coefficient was done by setting a
value of p->0.90 as acceptable.

In addition, Bland—Altman analysis was used to com-
pare the absorbed dose calculated from the reference
standard and simplified protocols. In this analysis, the
relative difference in absorbed dose between the alter-
native method and the reference method is compared

Page 4 of 10

to the mean absorbed dose of the two methods [23]. The
repeatability of the simplified protocol and its prediction
intervals were tested by indicating the variance in the
confidence intervals.

Other parameters discussed below were first deter-
mined on a patient-specific base. Next, all parameters
were determined as the mean=standard deviation for
the whole patient cohort and checked for their respective
requirement as defined below.

Another important parameter to consider is the uncer-
tainty of the absorbed dose. This was calculated accord-
ing to the European Association of Nuclear Medicine
(EANM) uncertainty guideline by Gear et al. [24] (for
more details, see Additional file 1). Considering the
clinical implications of this parameter, the maximum
acceptable uncertainty was set at 25% for both lesions
and organs. Furthermore, the calculated uncertainty
for the reference standard absorbed dose was used as a
reference.

Also, the normalized error Ey was determined for each
simplified protocol, according to

E |Dref — Ds|
N = —-—
M(Dref)

With D, and D, the reference standard and simplified
protocol absorbed dose, respectively, and u the uncer-
tainty. In this equation, the absorbed dose calculated
from the simplified protocol is compared to that of the
reference standard, while taking into account the uncer-
tainty of the reference dose. A perfect match is achieved
for Ey=0, so the lower the Ey, the better. In combination
with a minimizing constraint #,<0.25, D, makes the nor-
malized error Ey a valuable and easy interpretable test,
only Ey <1 is considered to be conforming with the refer-
ence standard.

Whether a specific simplified protocol is a feasible
option is based on all parameters: the uncertainty, Lin’s
concordance coefficient and the normalized error all
must lie within the defined requirements.

(2)

Results

Reference standard dosimetry

A total of 47 lesions were defined in this study (1-7
lesions per patient). Of these, seven had an uncertainty
in an absorbed dose exceeding 25% and were therefore
discarded for further analysis. The median volume of the
remaining 40 lesions was 0.71 ml (range 0.13-42.5 ml).
Of these, 26 fulfilled the requirement of R%>0.7 to use
a mono-exponential fit for time-integrated activity and
could be used to determine a mean clearance rate for
single-point lesion dosimetry (median volume: 0.68 ml,
range 0.13—-42.5 ml). The resulting effective half-lives for
lesions (n=40) and organs can be found in Table 1, as
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Table 1 Mean effective half-lives t,,.¢ (£standard deviation
(SD)), median absorbed dose D (4range) and uncertainty u(D)
for lesions and organs, following reference standard dosimetry

Structure Mean t,, . (h) Median D (Gy/ Mean u(D) (%)
GBq)

Lesions 69+13 2.07 (0.30-16.40) 13.6+3.1

Kidneys 3945 0.52(0.21-0.88) 151+£28

Liver 2948 0.08 (0.06-0.14) 21.7+48

Salivary glands  33+4 0.50 (0.15-1.28) 134418

Table 2 The uncertainty u(D), Lin's concordance correlation
coefficient p- and the normalized error Ey for the simplified
dosimetry protocols for the lesions

Method u(D) (%) Pc Ey

1h 243+1.1 0.79 3.65+1.86
24 h 21.2+1.2 0.96 182+£13

48 h 17.5+23 0.94 230£1.96
72h 15.8+1.6 0.94 1.60£1.79
168 h 20.1+1.3 0.98 121£094
1h+24h 20.3+16.1 0.66 7241475
1h+48h 18.8+11.6 0.77 5.01+3.69
Th+72h 16.2+6.2 0.84 3.604£2.02
1Th+168h 13.8+£2.0 0.99 0.68+0.61
24h+48h 31241249 0.77 3.694£3.12
24h+72h 18.7+7.7 0.91 227+£1.97
24h+168h 12.9+2.3 0.99 0.65+0.50
48h+72h 24.7+18.1 0.92 2.794+1.89
48h+168h 13.1£3.0 0.99 0.65+0.64
72h+168h 13.4+2.4 0.99 0.86+0.48

Mean £ SD values are given. Parameters that meet requirements are marked
in bold. Protocols where all parameters meet requirements are marked in
bolditalics

well as the median absorbed dose D and corresponding
uncertainties # as calculated for the reference standard
absorbed dose.

Simplification of the lesion dosimetry protocol

In Table 2, the comparison parameters for the dosimetry
methods using one or two post-treatment SPECT scans
are displayed for the lesions. Simplification protocols
that meet requirements for all parameters are marked
in italics. The SPECT scan at 168 h p.i. is essential for
a dose estimation that is similar to the reference stand-
ard absorbed dose. Adding a second, earlier time point
improves the uncertainty #(D), which is then the same as
for the reference standard uncertainty (around 14%). This
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is visualized in Fig. 2 for the most optimal two-time point
protocol using 24 h and 168 h.

Simplification of the organ dosimetry protocol using
SPECT

In Tables 3 and 4, the comparison parameters are dis-
played for kidneys and salivary glands, respectively. A
single-time point SPECT at 24 or 48 h p.i. would be fea-
sible to determine accurate absorbed dose for all organs
of interest. In Additional file 1: Tables S1-S3, a complete
overview including liver results and other time point
combinations can be found, showing that some other
two-time point protocols could be used as well.

A visualization of these results for kidneys and salivary
glands of the 24 h protocol can be found in Figs. 3 and
4. Absorbed dose calculation for salivary glands could be
improved by including a second scan at 168 h, or by using
a single-time point at 48 h p.i. (Additional file 1: Fig. S1).

Simplification of the organ dosimetry protocol using
whole-body planar scans

Planar scan dosimetry was only considered for the
organs, since (small) lesions were mostly not visible on
the planar scans and time-integrated activity could there-
fore not be determined.

For simplification of the imaging protocol for organs
using planar scans, first, the absorbed dose determined
from the five-time point planar protocol was compared
to the reference absorbed dose (Table 5). For the kidneys
and salivary glands, the absorbed dose was consistently
overestimated, while for the liver, it was underestimated.
A correction factor was determined for each organ by
fitting a linear function to the scatter plots (Additional
file 1: Fig. S2) crossing the origin. However even after
application of the correction factor, the planar proto-
col did not fulfill all requirements for any of the organs.
This suggests a poor estimation of tracer effective half-
life based on planar scans. This could not be attributed
to poor organ volume estimation, since in this study, we
used reference volumes based on the ICRP89 male adult
model, and thus, these volumes were equal for SPECT
and planar dosimetry. Therefore, we concluded that a
dosimetry protocol using only planar scans does not yield
accurate dose estimation for organs at risk, and protocols
with fewer planar scans were not further investigated.

Discussion

In this study, we aimed to improve the clinical imag-
ing protocol for ['7’Lu]Lu-PSMA dosimetry, by balanc-
ing between accuracy and uncertainty of absorbed dose
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Fig. 2 Results of lesion dosimetry based on two-time point SPECT at 24 and 168 h compared to the reference standard. A concordance between
the absorbed dose according to the simplified protocol (y-axis) and the reference standard (x-axis). The diagonal line is the line of perfect
concordance. B Bland-Altman plot showing the mean difference between both methods as a function of the mean absorbed dose of both
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Table 3 The uncertainty u(D), Lin's concordance correlation
coefficient p- and the normalized error Ey for the simplified
dosimetry protocols for the kidneys

Table 4 The uncertainty u(D), Lin's concordance correlation
coefficient p- and the normalized error £y for the simplified
dosimetry protocols for the salivary glands

Method u(D) (%) Pc Ey Method u(D) (%) Pc Ey

1h 17.3+0.1 048 223+143 1h 17.1+£0.2 0.95 0.87+0.54
24h 14.3+0.3 0.94 0.73+0.87 24 h 13.8+£0.3 0.91 1.50+0.96
48 h 12.3+0.1 0.80 0.99+0.80 48h 12.2+0.0 0.99 0.56+0.32
72h 12.7£0.1 0.85 1.064+0.25 72h 13.8+0.3 0.95 0.95+0.52
168 h 275+39 0.75 1.63+£142 168 h 334453 0.86 1.55+1.09
1h+168h 11.6+0.1 0.65 203+£1.92 1Th+168h 11.6+0.1 0.98 0.66+0.34
24h+168h 11.4+0.1 0.97 0.44+0.51 24h+168h 11.4£0.1 0.98 0.70+0.59
48h+168h 11.3£0.1 0.73 1.58+0.22 48h+168h 11.2+0.0 0.82 1954032
72h+4168 h 11.2+£0.1 043 2644032 72h+168h 11.2+0.0 0.45 3.674£040

Mean + SD values are given. Parameters that meet requirements are marked
in bold. Protocols where all parameters meet requirements are marked in
bolditalics

assessment, and practical considerations such as patient
burden and use of hospital resources. A simplified dosim-
etry protocol could aid in the implementation of dosim-
etry into the clinical routine, thereby providing a tool to
personalize ['7/Lu]Lu-PSMA therapy. This will improve
patient selection and treatment response, reduce toxicity
and keep costs under control.

In this study, we have demonstrated that the dosimetry
protocol can be simplified with a slight loss of reliability.
This is also in line with what was found in simplification
studies concerning [”/Lu]Lu-DOTATATE treatment in
neuroendocrine tumors [17, 18]. Different imaging proto-
cols were used to determine the absorbed dose and com-
pared to the absorbed dose from an elaborate five-time

Mean =+ SD values are given. Parameters that meet requirements are marked
in bold. Protocols where all parameters meet requirements are marked in
bolditalics

point SPECT protocol (the reference standard). For reli-
able lesion dosimetry, a late time point SPECT scan such
as 168 h p.i. is crucial, which can be further improved in
terms of uncertainty by adding a second SPECT scan at
24 or 48 h. For organs, single-time point dosimetry using
an early time point (24 h or 48 h) proved to be feasible,
which could be improved by adding a second late time
point SPECT scan. While using planar imaging for
dosimetry would mean a significant reduction in scan
time, we showed that no reliable dosimetry could be per-
formed based on planar imaging only. This is an impor-
tant finding, since many dosimetry studies performed
so far in ['"’Lu]Lu-PSMA therapy have used planar scan
dosimetry [11, 13, 16]. Since 3D SPECT dosimetry is
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Table 5 The uncertainty u(D), Lin's concordance correlation coefficient p- and the normalized error £ for the simplified planar
dosimetry protocols for the organs

Method Organ Correction factor u(D) (%) Pc Ey

Original 5 time point planar Kidneys - 18.2+6.4 0.17 2834130
Liver - 521157 0.56 0.64+0.46
Salivary glands - 129+1.6 0.14 421£135

Planar with correction factor Kidneys 047 18.2+6.4 0.63 1.01£097
Liver 127 521157 0.65 0.44+0.28
Salivary glands 0.36 12.9+1.6 0.40 1364143

Mean £ SD values are given. Parameters that meet requirements are marked in bold
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known to be superior to planar scan dosimetry, and only
one or two time points are sufficient for reliable dosim-
etry, it is strongly suggested that future dosimetry studies
use SPECT imaging as the method of choice. If feasible,
we suggest to limit the number of bed positions to a max-
imum of two per time point (for example by choosing a
bed position that includes both the kidneys and (some)
major lesions of interest). In this regard, a combined
planar and SPECT/CT approach does not seem to be
of interest, since one-time point SPECT already yields a
reliable dosimetry protocol for this therapy.

This study was based on only 10 patients and 20 ther-
apy cycles, therefore, our findings should be verified
with further research. However, we still concluded that
this data set is suitable to simplify the protocol, as vari-
ations in organ kinetics between patients were minimal
[14]. Our reference dataset comprised of five-time point
SPECT imaging, so the tracer kinetics for various tis-
sues could be followed in detail. However, the informa-
tion on early time points was limited to the scan at 1 h
post-injection, therefore, the assumption on early uptake
kinetics should be verified with additional data. Also, it
should be stressed that the goal of this research was to
find a suitable simplified scanning scheme, so the focus
was on comparing the reference standard to the simpli-
fied protocol and not on finding the optimal dosimetry
protocol for the reference standard. Still, our reference
standard protocol included three-bed positions SPECT/
CT at five imaging time points. As this is a very elaborate
imaging scheme for dosimetry purposes, we believe this
protocol is suitable to serve as the reference standard for
the simplification. Also, bone marrow dosimetry was not
included in this simplification study. While bone mar-
row toxicity is an important concern in ['7/Lu]Lu-PSMA
therapy, setting up a simplified protocol for bone marrow
dosimetry requires further investigation, including veri-
fication of the possibility to use imaging for bone mar-
row dosimetry in this specific treatment. This is part of a
current study conducted by the authors. Several models
are available to determine the absorbed dose to the bone
marrow. The blood-based model [25, 26] is quite simple
to implement, making it the most applied method. This
model, however, is only valid for patients without specific
uptake in the marrow space, either in bone metastases or
through in vivo dechelation when an endogenous ligand
as transferrin displaces the DOTA chelator [27, 28]. More
complex models taking the actual bone marrow reserve
and potential displacement of red marrow around bone
metastases are available but not commonly applied [29].
The current method for bone marrow dosimetry is only
applicable to account for the absorbed dose by blood flow
through the marrow space, without specific uptake.
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We evaluated [7"Lu]Lu-PSMA-617 dosimetry simplifi-
cation in mHSPC patients. Since we previously showed
that for this patient cohort, tracer uptake kinetics in
organs are comparable to those in metastasized castrate-
resistant prostate cancer (mnCRPC) patients [14], we pos-
tulate that the results of this study could be translated to
dosimetry in mCRPC patients as well. This is also sup-
ported by recent findings of comparable studies in this
patient population [30-33]. For lesion dosimetry, a two-
time point protocol is proposed; so, no general kinet-
ics apart from a single compartment distribution are
assumed. While a future study needs to verify the opti-
mal time points for lesion dosimetry in mCRPC patients,
the present results are in line with a study by Jackson
and colleagues, showing tumor dose estimates based on
single-time point SPECT dosimetry were most accurate
using delayed scanning at time points beyond 72 h p.i.
[34].

In this study, we evaluated all different combinations of
time points, so the user can decide which imaging pro-
tocol is most suitable for their clinical setting. But, based
on the requirements set in this study, we suggest a dosim-
etry protocol using three-bed position SPECT/CT at 24 h
including both organs and lesions, and an additional one-
bed position SPECT/CT at 168 h for the lesions. How-
ever, depending on the specific question, clinical grounds
or practical considerations, imaging at other time points,
could also provide an alternative without significant loss
of accuracy. The proposed methodology for protocol
simplification can be applied universally, both to evalu-
ate different patient cohorts in prostate cancer, as well as
the use of different PSMA tracers (for example PSMA-11,
PSMA-1007 and PSMA-I&T instead of PSMA-617), and
even for different radionuclide therapies.

Given the results of this work, we propose to apply
this protocol to pre-therapeutic PET-based dosimetry
to improve patient selection for ['7/Lu]Lu-PSMA ther-
apy. To date, many different PSMA ligands labeled with
long-lived PET isotopes have been investigated for pros-
tate cancer imaging, such as [¥Zr]Zr-PSMA [35, 36]. By
including an additional scan to the standard clinical pro-
tocol, these diagnostic scans can be used for dosimetry
with acceptable costs and low patient burden. In this way,
patient selection can be considerably improved by only
including patients with expected high tumor absorbed
doses and acceptable absorbed doses to organs at risk.
Considering that ['”/Lu]Lu-PSMA therapy is moving to
earlier disease stages and is likely to exceed 4—6 treat-
ment cycles in patients, proper patient selection and a
more individualized dosing plan will become crucial in
the near future. This more personalized approach will
optimize therapeutic effect, minimize toxicity, keep costs
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under control and improve our understanding of radioli-
gand therapy.

Conclusion

Dosimetry is needed to improve patient selection for
[Lu]Lu-PSMA therapy. In the present study, we simpli-
fied the ['/Lu]Lu-PSMA dosimetry protocol. Our results
indicate that dosimetry can be reliably performed using
a limited number of scans. By reducing the number of
scans, there will be less burden to patients and demand
for hospital resources which is needed for a broader
adoption of dosimetry into clinical practice.
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