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Abstract

Introduction Patient eligibility for [!”’Lu]Lu-PSMA therapy remains a challenge, with only 40-60% response rate when
patient selection is done based on the lesion uptake (SUV) on [®3Ga]Ga-PSMA-PET/CT. Prediction of absorbed dose based
on this pre-treatment scan could improve patient selection and help to individualize treatment by maximizing the absorbed
dose to target lesions while adhering to the threshold doses for the organs at risk (kidneys, salivary glands, and liver).
Methods Ten patients with low-volume hormone-sensitive prostate cancer received a pre-therapeutic [®*Ga]Ga-PSMA-11
PET/CT, followed by 3 GBq ['"’Lu]Lu-PSMA-617 therapy. Intra-therapeutically, SPECT/CT was acquired at 1, 24, 48, 72,
and 168 h. Absorbed dose in organs and lesions (n=22) was determined according to the MIRD scheme. Absorbed dose
prediction based on [**Ga]Ga-PSMA-PET/CT was performed using tracer uptake at 1 h post-injection and the mean tissue
effective half-life on SPECT. Predicted PET/actual SPECT absorbed dose ratios were determined for each target volume.
Results PET/SPECT absorbed dose ratio was 1.01 +0.21, 1.10+0.15, 1.20+0.34, and 1.11 +0.29 for kidneys (using a 2.2
scaling factor), liver, submandibular, and parotid glands, respectively. While a large inter-patient variation in lesion kinet-
ics was observed, PET/SPECT absorbed dose ratio was 1.3 +0.7 (range: 0.4-2.7, correlation coefficient r=0.69, p <0.01).
Conclusion A single time point [**Ga]Ga-PSMA-PET scan can be used to predict the absorbed dose of [!”’Lu]Lu-PSMA
therapy to organs, and (to a limited extent) to lesions. This strategy facilitates in treatment management and could increase
the personalization of ['7’Lu]Lu-PSMA therapy.
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this work
Prostate cancer accounts for 20% of new cancers diagnosed

This article is part of the Topical Collection on Dosimetry every year. With a mortality rate of 10%’ it is one of the
most common causes of death worldwide [1-3]. Treatment
options include local radiotherapy, surgery, or systemic
treatments such as hormonal therapy or chemotherapy. For
Department of Medical Imaging, Radboud University metastasized disease, prostate-specific membrane antigen
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cancer cells [4-6], can also be used as a target for radionu-
clide therapy. In end-stage castrate-resistant metastatic pros-
tate cancer (mCRPC) patients, ['”’Lu]Lu-PSMA-617 [7-19]
Department of Urology, Radboud University Medical Center, and/or [225AC]AC-PSMA-617 [20-24] showed remarkable
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responses with, in general, a mild toxicity profile. There-
fore, ['7"Lu]Lu-PSMA is now also translated to earlier stages
such as to hormone-sensitive prostate cancer (HSPC) with
encouraging results [25].
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At present, high tumor uptake of [®*Ga]Ga-PSMA-11,
['FIDCFPyL, or ['®F]PSMA-1007 on positron emission
tomography (PET) imaging is mandatory for PSMA radio-
ligand therapy [26-30]. In some studies, PET standardized
uptake value (SUV) on [°®Ga]Ga-PSMA-PET has been
shown to correlate with absorbed (radiation) dose in lesions
and salivary glands in both mCRPC [31] and mHSPC
patients [32], while other studies did not find this correlation
[9, 18, 33]. Patients selected based on PET lesion SUV show
a response rate of only 40-60% [7-19]. A potential improve-
ment of patient selection has been suggested by the group of
Hofman and colleagues by using both FDG-positive tumor
volume and mean intensity of PSMA-avid tumor uptake
[34]. An actual dose estimation based on the pre-therapeutic
[68Ga]Ga-PSMA—PET could provide more accurate informa-
tion on expected treatment response, since the calculations
of the absorbed doses take into account tracer kinetics and
are intrinsically corrected for factors such as partial volume
effect occurring in particular for small tumors. Therefore,
we hypothesize that patient selection could be improved if
the pre-therapeutic [*®Ga]Ga-PSMA-PET data were used to
predict absorbed doses for the subsequent [!”’Lu]Lu-PSMA
treatment.

In addition, pre-therapeutic evaluation of risk for organ
toxicity is important in order to design a patient-specific
treatment plan. It can prevent clinicians from exceeding
threshold doses for radiation-related toxicity and it can
potentially be used to apply higher therapeutic activities.
To this end, mean SUV of organs on PET are not a suit-
able parameter to predict organ absorbed dose, mainly due
to heterogeneity in the PET signal. However, modeling the
organ absorbed doses based on the pre-therapeutic [**Ga]
Ga-PSMA-PET imaging could provide a tool to assess organ
toxicity after treatment.

Similar studies have been carried out using PET/CT
imaging for an absorbed dose prediction after radionuclide
therapy, mainly using '>*I for prediction of organ-absorbed
dose after '*'I-therapy in thyroid cancer patients [35-39].
This methodology is based on the assumption that tracer
kinetics for '>*I and '*'I are comparable, and cumulated
activity derived from multi time point **[-PET/CT can
be translated to '*'I-cumulated activity, thereby predicting
organ absorbed dose after therapy. It is suggested that this
approach can be used to design patient-specific treatment
by respecting the organ threshold dose for radiation toxicity
effects [39, 40].

To date, the use of [°®Ga]Ga-PSMA-PET for an
absorbed dose estimation of [!7’Lu]Lu-PSMA treatment
has not been reported in the literature. This study aims
to fill this gap by investigating the predictive value of a
single time point pre-therapeutic [**Ga]Ga-PSMA-PET for
absorbed dose after [!”’Lu]Lu-PSMA therapy in organs
(kidneys, salivary glands, and liver) and tumor lesions.
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It relies on tissue-specific radioligand kinetics that will
be derived from therapeutic imaging data with ['7"Lu]
Lu-PSMA-SPECT, in combination with tracer uptake of
a single time point pre-therapeutic [*3Ga]Ga-PSMA-PET.
The predicted absorbed doses were compared to actually
delivered absorbed doses in therapy.

Materials and methods
Patient population

The study comprised 10 patients with low-volume hor-
mone-sensitive prostate cancer who received [!7'Lu]Lu-
PSMA for treatment of oligometastatic prostate cancer. It
was approved by the Medical Review Ethics Committee
Region Arnhem-Nijmegen and was registered on clinical-
trials.gov (NCT03828838). The trial was done in accord-
ance to the principles of Good Clinical Practice and the
Declaration of Helsinki. All subjects provided written
informed consent before study entry. A comprehensive
description of the patient population has been published
before [25]. In short, HSPC patients with prostate-spe-
cific 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. Normal renal and bone marrow functions were
required (MDRD-GFR > 60 ml/min, white blood cell
count>3.5x 109.131/1, platelet count> 150 x 109.132/1
and hemoglobin > 6 mmol/l). A detailed study flowchart
can be found in Online Resource 1.

Imaging and therapy

Patients received [**Ga]Ga-PSMA-11-PET/CT approxi-
mately 1 week prior to radioligand therapy. Imaging was per-
formed 60 + 10 min post-injection on a Biograph mCT sys-
tem (Siemens Healthineers, Erlangen, Germany) scanning
cranium to trochanter major. Patients received a therapeutic
activity of 3 GBq (3057 +38 MBq) [!"’Lu]Lu-PSMA-617.
This relatively low activity was chosen because it was part
of a prospective pilot study in a patient population that did
not receive this type of treatment before. The preparation
of ["""Lu]Lu-PSMA was described previously [25] and can
be found in Online Resource 2. SPECT/CT imaging was
performed at 1, 24, 48, 72, and 168 h after administration on
either a Symbia T16 or Symbia Intevo Bold system (Siemens
Healthineers, Erlangen, Germany). SPECT/CT scans were
acquired at three body regions: pelvis, abdomen, and head-
neck regions. Acquisition and reconstruction parameters can
be found in Online Resource 3.
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Fig. 1 Types of uptake pattern depending on tissue type. A Segmented bi-exponential uptake curve for liver and kidneys. B Rectangular mono-
exponential uptake curve for salivary glands. C Linear mono-exponental curve for lesions

Organ and tumor volumes

Organ and tumor volumes were derived by manual segmen-
tation (VOI technique) using the reference CT image. Some
structures could not be reliably delineated on CT. As an
alternative, volumes of the paired parotid and submandibu-
lar glands as well as bone lesions were determined using a
PET-based iterative thresholding method [41]. It has been
shown that this technique allows for accurate volume estima-
tion down to the %*Ga-PET spatial resolution of 0.13 ml and
reveals reliable volume estimates for objects with moderate
non-uniform activity distributions.

Imaged SPECT and PET activities in organs
and lesions and their corrections

To determine the SPECT and PET activities in organs, a
contour-based approach was applied: the imaged activity,
Aconourvor Within the contour of the organ boundary was
determined and corrected for partial volume effects using the
fitted isovolume recovery coefficient, RC;,,. The corrected
organ activity Acgreceq 15 given as follows:

AContourVOI
A = —ContourVOL
Corrected R Ciso ( 1 )

The isovolume RC values depend on spatial resolution
and patient’s individual organ volumes [42].

The diameters of the lesions were small (median diameter
of 12 mm, range: 643 mm), and thus clearly below the
SPECT spatial resolution of 15 mm. For a tissue size smaller
than 1.25-1.5 times the spatial resolution, correction for par-
tial volume effect is not recommended [42, 43]. Instead, an
oversize-based method was applied [44—46]. An oversized
lesion VOI was drawn large enough to include the entire tail
of the lesion activity, and its cross-contamination from the
surrounding background activity was further removed using
the following equation:

ACorrecled = AOversizeVOI - (VOversizeVOI - VLesion) : CBackground

@
where Agrecieq 15 the corrected lesion activity, V| .o, 1S the
lesion volume, Ag,.izevor 1S the imaged activity of the over-
sized lesion VOI, and cgcigroung 18 the background activity
concentration derived from a representative background VOI
close to the lesion. Of note, the drawback of this oversized-
based approach is that high and non-uniform background
may result in activity underestimation.

Biokinetic analysis—parametrization
of the tissue-specific radioligand uptake curves

The observed tissue-specific [\7’Lu]Lu-PSMA uptake curves
were analyzed to derive a typical time-activity curve (TAC)
or, equivalently, uptake curves for each organ and for the
lesions. First, to avoid ambiguity and maintain consistency
for all uptake curves, no curve-fitting procedure was applied.
Hence, the common approach to fit the 5 data points at once
using, for instance, a bi-exponential function, was not used.
Instead of fitting the entire dataset, the biokinetic data were
segmented into three phases, that is, an early, a mid, and a
late phase to extract the typical uptake pattern of each tissue
type within a time segment. Second, the exploratory inves-
tigation of the intra-therapeutic uptake curves revealed that
there are three types of uptake patterns. Figure 1 schemati-
cally illustrates the 3 phases and the respective piecewise
parameterization of representative uptake curves. For kid-
neys and liver, an instantaneous uptake (early phase) fol-
lowed by a mono-exponential clearance with an effective
half-life 7 up to 72 h (mid-phase), and thereafter, a sec-
ond mono-exponential clearance (late phase) with an effec-
tive half-life T, , (Fig. 1A) was observed. Thus, the early
and mid-phases were parameterized using the half-life T |
and the late phase was parameterized using half-life 7 ,;
the respective half-lives were obtained by linear regression
analyses. For the salivary glands, kinetics was assessed for
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the whole organ instead of separate glands. An instant
uptake was observed, and its value remained almost constant
with a (average) value of U, up to 24 h (early and mid-
phases). More precisely, the 24 h value was sometimes above
or below the 1 h uptake value; the average uptake value was
used to effectively represent these phases. Thereafter, a
mono-exponential clearance with an effective half-life 7.4
(late phase) was found (Fig. 1B). For lesions, a linear
increase (early phase) was observed with a slope derived
from the first uptake value U(t)), thatis, a = % (in %/h), to

a maximum uptake U, ,, (mid-phase) followed by a mono-
exponential decay (late phase) with an effective half-life T
(Fig. 1C), with the intercept of both functions at time #,,,,.
For clarity, the respective equations are given in Online
Resource 4.

The mean values of the intra-therapeutic kinetic param-
eters were calculated and used to predict the biokinetics for
each tissue type based on a single PET-based uptake value

of [®*Ga]Ga-PSMA.

Pre-therapeutic ['’’Lu]Lu-PSMA dosimetry using
[*®GalGa-PSMA SPECT/CT imaging

For the absorbed dose prediction, a correction regarding the
differences in the physical half-lives of %Ga (T;5,) and '""Lu
(Ty,) is necessary according to the radioactive decay law.
The observed [**Ga]Ga-PSMA uptake value Ug,(fppr) Was
projected to the predicted ['"’Lu]Lu-PSMA uptake value
U, (tpg7) using the following equation [47]:

In(2 In(2

ULu(tPET) = Uga(tpgr) - exp(% “ Ipgt) * exp(—# “ Ipgt)
Ga Lu

3)

This projected uptake value was used to construct the
individual uptake curve based on the tissue-specific bioki-
netic model, from which the projected ['7’Lu]Lu-PSMA
residence times (or TIAC values) were estimated. In the con-
struction of the projected uptake curve, the tissue-specific
mean values of the intra-therapeutic kinetic parameters were
applied. The projection of the functions to determine the
TIAC values is given in Online Resource 5.

For each organ and lesion, the projected ['”’Lu]Lu-PSMA
TIAC and the mass were used to predict the absorbed dose
per unit administered [!”’Lu]Lu-PSMA activity using Olinda
2.2.

Software and statistical analysis

The image interpolation and image analyses were conducted
using PMOD 4.2 software (PMOD Technologies Ltd.,
Zurich, Switzerland). Statistical analysis was performed
using GraphPad Prism 5.03 (Graphpad Software Inc., CA,
USA). The descriptive statistics included the mean, median,
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standard deviation (SD), and range and were expressed in
the following form: mean + SD (median, minimum-maxi-
mum). Uncertainty in the absorbed dose values were deter-
mined following the EANM uncertainty guideline by Gear
et al. (for more details see Online Resource 6). Differences
between the 2 groups were evaluated by the Mann—Whitney
U test. A Spearman non-parametric correlation test was used
to evaluate correlations between lesion SUV . on [%Ga]
Ga-PSMA-PET and absorbed dose on ['7’Lu]Lu-PSMA-
SPECT, between lesion-absorbed dose based on [®*Ga]
Ga-PSMA-PET and ['""Lu]Lu-PSMA-SPECT, and between
lesion PET/SPECT absorbed dose ratio and lesion volume.
A p-value of less than 0.05 was considered to be statistically
significant.

Results
General

Patient characteristics and administered activities (GBq) can
be found in Online Resource 7. A total of 22 lesions were
evaluated (1 to 7 per patient). For 8 lesions, volume deter-
mined on CT was 6.5+ 14.6 ml (0.9, 0.21-42.5, Table 1).
For the other 14 lesions, volume was determined on PET
with a volume of 3.0+5.3 ml (1.1, 0.13-20.2). In order
to compare the methodology, volume was determined on
both CT and PET for 9 lesions. This showed a mean ratio
of 1.09+0.17 for PET volume versus CT volume. The dif-
ference in volume was not significant (Mann—Whitney U
test: p=0.86).

Figure 2 shows an example of typical images for the
organs of interest and two lesions for ["""Lu]Lu-PSMA-
SPECT, CT, and [®Ga]Ga-PSMA-PET. For the lesions, it
shows that some are clearly visible on CT (Fig. 2A) while
others are not (Fig. 2B), while both lesions in this example
are clearly visible and delineable on PET as well as SPECT.

Analysis of the intra-therapeutic biokinetics

Uptake curves were determined based on the effective half-
lives for each organ (Table 2) and lesions (Table 1). Kid-
neys showed a median half-life of 28 h and 49 h for the
first and second excretion phases, respectively. Liver showed
a median half-life of 21 h and 47 h for the first and sec-
ond excretion phases, respectively. For the salivary glands,
uptake between #, and f,,, was assumed to be constant based
on the average uptake of U, and U,,, (Fig. 1B). For the
second phase after 24 h, median half-life was 33 h.

For 6 out of the 22 lesions, the volume was not visible on
the 1-h time point [!"’Lu]Lu-PSMA-SPECT; therefore, the
initial uptake kinetics could not be determined individually.
Instead, uptake phase was estimated by taking the mean ¢,
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Table 1 Biokinetics of ['"7Lu]

Lu-PSMA for each lesion. Patient number ~ Tumor number®  Volume (ml)  Tissue type a (%/h) tmax () T (h)
Slope «a of initial uptake phase; 2 1 0.50 Bone 0.001 9 137
’[rjﬂm “‘Z‘;;gtl‘j:’;ﬁ“h“}eugtzk:f 2 0.61 Bone 0.036 5 114
mono-exponential decay phase 3 348 Bone ° ° 58
between t,,;, and ;45 3 1 1.45 Lymph node  0.026 3 67
1 0.13 Lymph node  0.031 2 94
2 0.43 Bone 0.059 3 63
4 2.80 Lymph node  0.005 3 85
5 2.98 Bone 0.337 4 70
6 7.52 Bone 0.020 3 87
7 20.21 Bone 0.128 3 60
9 42.49 Lymph node  0.006 2 63
5 1 0.57 Lymph node  -° b 67
3 0.66 Lymph node 0.012 4 78
5 0.72 Lymph node -° b 51
6 1 0.68 Lymph node  0.012 7 57
2 1.05 Lymph node  0.005 4 98
7 1 0.19 Lymph node  -° b 123
2 2.68 Lymph node  -° b 96
8 1 1.61 Lymph node  0.075 3 60
9 1 0.21 Lymph node  0.023 4 75
2 0.70 Lymph node -° b 128
10 1 2.00 Bone 0.014 5 65
Median (range) 0.89 0.021 3 72
(0.13-42.49) (0.001-0.337) (2-9) (51-137)
Mean+SD 4.26+9.56 0.049+0.081 4+2 82+25

“Lesion numbering is a result of initial region drawing; therefore, missing numbers do not represent
excluded lesions. "For these lesions, uptake on the 1-h time point [""Lu]Lu-PSMA-SPECT was not visible;

therefore, o and ¢,

max

for the other 16 lesions, which was 3.9 h. Median effective
half-life T4 for clearance after 24 h was 72 h. Of note, kinet-
ics were not significantly different between bone and lymph
node lesions (Mann—Whitney U-test: p=0.86).

Intra-therapeutic and predicted absorbed doses
for organs

The median absorbed dose as determined from ['7"Lu]
Lu-PSMA-SPECT as well as the median predicted absorbed
dose from [®3Ga]Ga-PSMA-PET can be found per organ in
Fig. 3. Combined statistics and organ kinetics per patient
can be found in Online Resources 8—11. For the kidneys,
initial PET/SPECT absorbed dose ratio was 2.21 +£0.46
(1.32-2.75). Because the ratio was rather constant, a
scaling factor F=2.2 was introduced by which the PET-
predicted absorbed dose was divided, leading to a PET/
SPECT absorbed dose ratio for the kidney was 1.01 +£0.21
(0.60-1.25). For liver, submandibular glands, and parotid
glands, agreement between SPECT and PET absorbed
dose was high, with PET/SPECT absorbed dose ratios
of 1.10+0.15 (0.94-1.35), 1.20+0.34 (0.61-1.84), and

could not be assessed

1.11+0.29 (0.54-1.47), respectively. No scaling factor was
introduced for these organs.

Intra-therapeutic and predicted absorbed doses
for lesions

The results per lesion can be found in Table 3 (SUV_,,, on
[%8Ga]Ga-PSMA-PET, as well as absorbed dose predicted
from [*®Ga]Ga-PSMA-PET and determined from ['7"Lu]
Lu-PSMA-SPECT). The PET/SPECT absorbed dose ratio
for lesions was 1.3+0.7 (1.1, 0.4-2.7). No significant corre-
lation was found between SUV,_,_on [*®*Ga]Ga-PSMA-PET
and absorbed dose from ['/"Lu]Lu-PSMA-SPECT (r=0.16,
p=0.47, Fig. 4A), while a significant correlation was found
between predicted absorbed dose from [3Ga]Ga-PSMA-
PET and determined absorbed dose from [!”'Lu]Lu-PSMA-
SPECT (r=0.69, p<0.01, Fig. 4B). Lesion volume depend-
ency of PET/SPECT absorbed dose ratio is shown in Fig. 5,
where it can be seen that an underestimation of absorbed
dose was mainly found for the smaller lesion volumes
(Spearman significant correlation, r=0.43, p <0.05).

@ Springer
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Fig.2 Representative images
of ['""Lu]Lu-PSMA-SPECT
(left), CT (center), and [%*Ga] A
Ga-PSMA-PET (right) for
lesions and organs. A Bone
lesion in abdomen region (vis-
ible on CT). B Lymph node
lesion in pelvis region (not vis-
ible on CT). C salivary glands.
D Kidneys and liver. The time
points are chosen to visualize
maximum uptake

Kidneys

1-2 hp.i.

kBgq/mi

O GEEETTD . 150

Discussion

This study evaluated the possibility to use a single time
point [*Ga]Ga-PSMA-PET scan to predict the therapeutic
absorbed dose in organs at risk and lesions for a subsequent
treatment with [!”’Lu]Lu-PSMA therapy. Tracer kinetics is
a crucial part in these predictive absorbed dose calculations,
which determines the shape of the uptake time-activity curve
and thus the cumulated activity. In this study, these kinetics
were determined as the mean kinetics of 10 patients based
on the SPECT data. This means that this approach is based
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on two main assumptions: firstly, the typical shape of the
uptake curves for organs and lesions for the different patients
are nearly identical; therefore, it is justified to use general
tissue-specific kinetics in the PET prediction model. Sec-
ondly, the different tracers used in PET and SPECT imaging
(PSMA-11 and PSMA-617, respectively) have similar kinet-
ics; therefore, the kinetics found for PSMA-617 on SPECT
can be used to project the expected kinetics of PSMA-11 on
PET. Multiple studies investigated biodistribution and kinet-
ics for PSMA-11 [48-51] and PSMA-617 [52] and showed
indeed similar kinetic behavior [53].
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Table2 Biokinetics of ['"’Lu]Lu-PSMA for the organs of each
patient

Patient num-  Effective half-life T (h)

ber - - -
Kidneys Liver Salivary
glands
0-72h  72h-c0  0-72h  72h-c0 24 h-o0
1 35 47 18 58 31
2 40 50 23 42 32
3 29 47 21 48 34
4 24 49 21 47 35
5 34 49 23 42 31
6 26 44 20 47 30
7 25 46 18 45 32
8 31 49 21 54 37
9 26 53 23 42 34
10 21 50 19 48 34
Median 28 49 21 47 33
(range) (21-40) (44-53) (18-23) (42-58) (30-37)
Mean+SD 29+6 49+2 21+2 47+5 33+2

Prediction of absorbed dose for lesions showed a large
variation in kinetics between patients both during the uptake
phase (SD of 50%) and the excretion phase (SD of 30%),
indicating that the first assumption of identical lesion kinet-
ics between patients does not hold. Therefore, tumor lesion
dosimetry using a single time [®*Ga]Ga-PSMA-PET was
challenging. Earlier studies found that different tracer kinet-
ics could be the result of different lesion types (bone versus
lymph node lesions) [54]. However, in our study no statisti-
cally significant difference in tracer kinetics between the two
tissue types was found (p =0.84). The highly variable kinet-
ics observed in lesions are possibly the result of heterogene-
ity in tumor biology. Therefore, the use of a general tracer
uptake pattern for lesions will introduce relevant deviations
on an individual level.

However, the proposed methodology using lesion-specific
kinetics results in a rather good PET/SPECT absorbed dose
ratio for lesions of 1.3 +0.7 (0.4-2.7), with a significant
correlation (r=0.69, p<0.01) that was not found between
SUV,,,. on [%*Ga]Ga-PSMA-PET and absorbed dose after
therapy (r=0.16, p=0.47). So, despite a relatively large
range in PET/SPECT absorbed dose ratio, an actual absorbed
dose prediction could still mean a significant improvement
in patient selection compared to only using lesion SUV_,,
since it provides better insight in what lesion uptake is to be
expected and thus whether treatment with [!”’Lu]Lu-PSMA
is expected to be effective.

Estimation of patient-specific tracer uptake in lesions
could potentially be improved by obtaining continuous
information on tracer distribution during the first hour after
injection of [®®Ga]Ga-PSMA using dynamic PET imaging
[54]. Moreover, obtaining uptake information at multiple
later time points could provide crucial information on late
tracer kinetics, which largely determine the absorbed dose.
However, due to the short half-life of ®*Ga (68 min), it is not
possible to follow the retention of PSMA over multiple days.
The positron emitter **Zr with a 3.27 days half-life could be
an attractive alternative. The first preclinical studies with
[3Zr]Zr-PSMA-617 and [¥Zr]Zr-PSMA-I&T biodistribu-
tion showed that this resembled the distribution of ['7’Lu]
Lu-PSMA-617 and ['""Lu]Lu-PSMA-I&T, respectively
(data not published yet). Recently the first clinical study
showed that several lesions had uptake on [3Zr)Zr-PSMA-
PET, which were not detected on early time point PET using
'8F-FDG or [**Ga]Ga-PSMA [55]. Therefore, ¥Zr-labelled
PSMA has the potential to improve lesion absorbed dose
prediction.

The large range in PET/SPECT absorbed dose ratio found
in this study can also partly be explained by difficulties in
calculating SPECT absorbed dose for small structures, such
as the lesions found in this patient cohort. Due to limited
image resolution, count statistics, and photon scatter, deter-
mination of residence times is difficult. This means that in

Fig.3 Absorbed dose per organ A B
: 68 =
as determined from [ ] (7}a] g 319 I SPECT e 31
Ga-PSMA-PET and ['"'Lu] o 03 PET S
. > —_
Lu-PSMA-SPECT. A Median 2o B PET scaled T 8
and range. B PET/SPECT S g 21 S a 2]
. o []
absorbed dose ratio for the 3 s 2
organs. The kidney absorbed 2 s "_‘ g
dose ratio corrected with a 2 14 O 1
. . Qo © w e
scaling factor F=2.2 is shown < g as
as well % = =
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Table 3 Overview of results

g 8 Patient number Tumor number SUV ..« (PET) PET AD' (Gy/ SPECT
per_lesmn:_SUVlex on [*°Ga] GBq) +error AD* (Gy/
Ga-PSMA-PET, predégted GBq) + error
absorbed dose from [*°Ga]

Ga-PSMA-PET, and absorbed 2 1 93 1.2+0.4 25+03
dose determined from ['7"Lu] ) 313 41 _: 13 51 :0.5
Lu-PSMA-SPECT = -
3 54 1.3+0.3 1.5+0.2
3 1 44.7 10.9+3.6 42+0.7
4 1 12.2 3.0+1.0 2.5+0.6
2 36.3 35+1.2 1.3+0.1
4 14.8 4.4+1.5 29+0.5
5 20.8 35+1.1 2.1+0.2
6 17.1 2.7+0.9 1.8+0.3
7 21.5 29+1.0 1.2+0.2
9 14.0 6.2+2.1 6.0+0.7
5 1 12.5 6.1+2.0 59+09
3 22.8 6.0+2.0 5.6+0.7
5 4.4 2.6+0.8 23+0.3
6 1 11.8 5.1+1.7 52+0.8
2 4.5 1.9+0.6 34+04
7 1 11.7 6.1+2.0 4.8+1.2
2 6.5 1.8+0.6 1.9+0.2
8 1 334 72+2.4 8.9+0.9
9 1 44.4 8.5+2.8 122+1.6
2 7.4 32+1.1 8.8+1.3
10 1 20.3 41+1.4 2.0+0.2
Median (range) 14.4 3.8 3.2
(4.4-44.7) (1.2-10.9) (1.2-12.2)
Mean +SD 18.5+124 44+2.4 42429
2AD, absorbed dose
Fig.4 Correlation between A 15 B 15
lesion SUV,, on [*®Ga] c r=0.16 <
Ga-PSMA-PET and absorbed 55 p=047 . 55
dose based on ['""Lu] a 104 a % 104
Lu-PSMA-SPECT (A), and P rE¥y
between absorbed dose as § ¢ g § ¢ %
determined from [*3Gal] ° '_=’_,| g 5. b i e 54
Ga-PSMA-PET and ['7"Lu] 23 £3
Lu-PSMA-SPECT (B). Dotted 3T 3%
lines indicate 95% confidence < 0 . : . i < 0 . .
intervals 0 10 20 30 40 50 0 5 10
SUV,,ax ON Absorbed dose based on

[°®Ga]Ga-PSMA-PET

general, larger uncertainties in absorbed dose calculations
are found in these small volumes [32, 56].

While patient selection might be improved by combin-
ing lesion SUV on PSMA-PET with evaluation of positive
tumor uptake on '8F-FDG-PET [34], this does not provide
information on risk of organ toxicity. The mHSPC patient
cohort for this study, acute organ toxicity, is not anticipated,
since these patients tend to have a relatively good physi-
cal condition and good organ function. However, develop-
ment of chronic toxicities should be prevented. In addition,
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[*Ga]Ga-PSMA-PET (Gy/GBq)

presently, [!"Lu]Lu-PSMA therapy is mainly applied in
mCRPC patients, which are at risk for compromised organ
function and may have received prior radionuclide therapy
that already deposited a radiation dose to the healthy organs.
Therefore, an absorbed dose prediction based on the pre-
therapeutic [**Ga]Ga-PSMA-PET scan would provide the
physician with a useful tool to manage or refrain from addi-
tional treatment cycles when there is a significant risk of
organ toxicity. Our study showed that an absorbed dose pre-
diction based on a single time point [**Ga]Ga-PSMA-PET
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3

r=043 .
p<0.05 .

PET/SPECT absorbed
dose ratio

0 T
0.1 1 10 100

lesion volume (ml)

Fig.5 PET/SPECT absorbed dose ratio as a function of lesion vol-
ume

scan is feasible, similar to what earlier studies found for '**I-

PET/CT dose prediction of '*'I-therapy in thyroid cancer
patients [35—40]. Tissue-specific organ kinetics showed to
be stable between patients, which means that uptake infor-
mation at a single time point in combination with assumed
tissue-specific tracer kinetics provide an effective instrument
for absorbed dose prediction. Although it was shown earlier
that organ tracer kinetics in mHSPC patients are very simi-
lar to those in mCRPC patients [32], it would be advised to
establish tissue-specific tracer kinetics for mCRPC patients
when applying the proposed methodology in this specific
patient group. Furthermore, our results are based on only
10 patients. More elaborate data of larger patient cohorts
is warranted.

Initially, we found that the absorbed dose prediction
based on PET for the kidneys was notably higher than the
SPECT-based values: PET/SPECT absorbed dose ratio of
2.21+0.46 (Fig. 3B). A possible explanation could be a dif-
ference in early phase kinetics between patients, which was
the only exception found in this study that showed some-
what larger variation in tracer kinetics: 21% for the early
phase kinetics up to 72 h (Table 2). In addition, there might
be a difference in 1-h tracer uptake between PSMA-11 and
PSMA-617. Since the PSMA tracer is cleared mainly via
the kidneys, a potential faster blood and renal uptake for
PSMA-11 would lead to a higher activity found in the kidney
at 1 h p.i. on PET than for PSMA-617 at the same time point
on SPECT. In addition, there are some differences in the
coordination chemistry of [®®Ga]Ga-PSMA-11 and [!""Lu]
Lu-PSMA-617; Ga’>* forms a hexadentate binding in the
HBED chelator leaving two nitrogens and Lu** a octadentate
binding in the DOTA chelator. In preclinical setting, it was
shown that this leads to a higher kidney uptake of [**Ga]
Ga-PSMA-11 in comparison to ['!'In]In-PSMA-617 [57,
58]. This would then lead to an overestimation of the total
predicted absorbed dose. A remarkable feature was that the

PET/SPECT absorbed dose ratio for kidney was rather con-
stant. After applying a scaling factor of 2.2, a PET/SPECT
absorbed dose ratio of 1.01+0.21 (Fig. 3B) was obtained.
Thus, despite an initial overestimation of kidney absorbed
dose based on [*®Ga]Ga-PSMA-PET, it can reliably be used
to predict therapeutic absorbed dose for [!”’Lu]Lu-PSMA
after applying the scaling factor, with a maximum devia-
tion of around 20%. For the other organs, such a deviation
was not found so no scaling was performed. However, the
salivary glands showed a relatively large range in PET/
SPECT absorbed dose ratio for the submandibular glands
(0.61-1.84) and parotid glands (0.54-1.47), respectively
(Fig. 3). This indicates that, despite very comparable overall
tracer kinetics in the salivary glands, the uptake at 1 h p.i.
can be rather variable between patients, leading to a larger
range in PET/SPECT ratio.

Conclusion

This study showed that a single time point [**Ga]Ga-PSMA-
PET scan can be used to predict the absorbed dose of ["7Lu]
Lu-PSMA therapy to the kidney, liver, salivary glands, and
(to a limited extent) to tumor lesions. The proposed method-
ology is readily available for clinical implementation since
the pre-treatment PSMA-PET scan is already required for
["""Lu]Lu-PSMA therapy. This strategy facilitates in treat-
ment management and could increase the personalization of
['""Lu]Lu-PSMA therapy.
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