
Article

Renal and Salivary Gland Functions after Three Cycles of
PSMA-617 Therapy Every Four Weeks in Patients with
Metastatic Castration-Resistant Prostate Cancer

Tim Wollenweber 1, Lucia Zisser 1, Elisabeth Kretschmer-Chott 1, Michael Weber 2, Bernhard Grubmüller 3,
Gero Kramer 3, Shahrokh F. Shariat 3,4,5,6,7, Markus Mitterhauser 1,8 , Stefan Schmitl 1, Chrysoula Vraka 1 ,
Alexander R. Haug 1,9 , Marcus Hacker 1 , Markus Hartenbach 1 and Sazan Rasul 1,*

����������
�������

Citation: Wollenweber, T.; Zisser, L.;

Kretschmer-Chott, E.; Weber, M.;

Grubmüller, B.; Kramer, G.; Shariat,

S.F.; Mitterhauser, M.; Schmitl, S.;

Vraka, C.; et al. Renal and Salivary

Gland Functions after Three Cycles of

PSMA-617 Therapy Every Four

Weeks in Patients with Metastatic

Castration-Resistant Prostate Cancer.

Curr. Oncol. 2021, 28, 3692–3704.

https://doi.org/10.3390/

curroncol28050315

Received: 1 September 2021

Accepted: 21 September 2021

Published: 23 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Biomedical Imaging and Image-Guided Therapy, Division of Nuclear Medicine,
Medical University of Vienna, 1090 Vienna, Austria; tim.wollenweber@meduniwien.ac.at (T.W.);
lucia.zisser@meduniwien.ac.at (L.Z.); elisabeth.kretschmer-chott@meduniwien.ac.at (E.K.-C.);
markus.mitterhauser@meduniwien.ac.at (M.M.); stefan.schmitl@akhwien.at (S.S.);
chrysoula.vraka@meduniwien.ac.at (C.V.); alexander.haug@meduniwien.ac.at (A.R.H.);
marcus.hacker@meduniwien.ac.at (M.H.); markus.hartenbach@me.com (M.H.)

2 Department of Biomedical Imaging and Image-Guided Therapy, Division of General Radiology,
Medical University of Vienna, 1090 Vienna, Austria; michael.weber@meduniwien.ac.at

3 Department of Urology, Medical University of Vienna, 1090 Vienna, Austria;
bernhard.grubmueller@meduniwien.ac.at (B.G.); gero.kramer@meduniwien.ac.at (G.K.);
shahrokh.shariat@meduniwien.ac.at (S.F.S.)

4 Department of Urology, Weill Cornell Medical College, New York, NY 10065, USA
5 Department of Urology, Second Faculty of Medicine, Charles University, 15006 Prague, Czech Republic
6 Institute for Urology and Reproductive Health, I.M. Sechenov First Moscow State Medical University,

119991 Moscow, Russia
7 Department of Urology, University of Texas Southwestern Medical Center, Dallas, TX 75390, USA
8 Ludwig Boltzmann Institute Applied Diagnostics, 1090 Vienna, Austria
9 Christian Doppler Laboratory for Applied Metabolomics (CDL AM), Medical University of Vienna,

1090 Vienna, Austria
* Correspondence: sazan.rasul@meduniwien.ac.at; Tel.: +43-1-40400-58742; Fax: +43-1-40400-55520

Abstract: Background: [177Lu]Lu-PSMA-617 radioligand therapy (PSMA-RLT) could affect kidney
and salivary gland functions in metastatic castration-resistant prostate cancer (mCRPC) patients.
Methods: We retrospectively analyzed clinical, renal, and salivary scintigraphy data and salivary
[68Ga]Ga-PSMA-11 ligand PET scan measures such as metabolic volume and SUVmax values of
27 mCRPC men (mean age 71 ± 7 years) before and 4 weeks after receiving three cycles of PSMA-RLT
every 4 weeks. Twenty-two patients additionally obtained renal and salivary scintigraphy prior to
each cycle. A one-way ANOVA, post-hoc Scheffé test and Cochran’s Q test were applied to assess
organ toxicity. Results: In total, 54 PSMA PET scans, 98 kidney, and 98 salivary scintigraphy results
were evaluated. There were no significant differences for the ejection fraction, peak time, and residual
activity after 5 min for both parotid and submandibular glands prior to each cycle and 4 weeks
after the last cycle. Similarly, no significant differences in serum creatinine and renal scintigraphy
parameters were observed prior to each cycle and 4 weeks after the last treatment. Despite there
being no changes in the metabolic volume of both submandibular glands, SUVmax values dropped
significantly (p < 0.05). Conclusion: Results evidenced no alterations in renal function and only
minimal impairment of salivary function of mCRPC patients who acquired an intense PSMA-RLT
regimen every 4 weeks.

Keywords: PSMA; prostate cancer; mCRPC; renal scintigraphy; salivary scintigraphy

1. Introduction

Prostate cancer is one of the most commonly diagnosed cancers and the second leading
cause of tumor-related death in men [1]. Prostate-specific membrane antigen (PSMA) is a
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class II transmembrane glycoprotein expressed in all types of prostate tissues. Nevertheless,
overexpression of PSMA has been found in prostate tumors including its metastatic cells
and in metastatic castration-resistant prostate cancer (mCRPC), making it an ideal target
for prostate cancer diagnosis and therapy [2–6]. Therefore, various small molecule PSMA
ligands have been developed, labeled with either gamma or positron emitters for positron
emission tomography (PET) diagnosis or with beta or alpha particles for radionuclide
therapy [7–11]. While the initial growth of prostate cancer is still androgen-dependent and
can be effectively treated with luteinizing hormone-releasing hormone (LHRH) agonists
and antagonists or anti-androgen receptors (ARs), almost all patients eventually advance
to mCRPC where these therapies are no longer effective [12–14]. Consequently, [177Lu]Lu-
PSMA-617 targeted radionuclide therapy (PSMA-RLT) has shown in numerous studies,
including TheraP and Vision studies [15,16], promising results in terms of good tolerability,
a favorable response rate, and the fewest adverse effects and organ toxicities in treated
mCRPC patients [17–20].

However, PSMA is not prostate specific and several other organs such as the kidneys,
salivary glands, lacrimal glands, or small intestine also express PSMA [21]. Therefore,
proximal renal tubules and salivary glands, among others, are considered critical organs
in patients receiving PSMA-RLT [22–25]. In this context, it has been shown that a highly
standardized therapy regimen of 4–6 therapy cycles at 8–10-week intervals did not exceed
the International Commission on Radiological Protection critical dose for critical organs
such as kidneys and salivary glands, and no significant nephrotoxicity occurred in 10 pa-
tients treated with PSMA-RLT [26]. Indeed, the results of previous studies on the effects of
PSMA-RLT on the kidney and salivary gland were largely based on the results of clinical
centers offering this treatment to mCRPC patients with different inhomogeneous therapeu-
tic regimens consisting of 1–8 cycles of 2–8 GBq activity per cycle and with an inter-cycle
interval of 6–12 weeks [17,27,28]. Previously, we have shown that a more intensive, highly
standardized PSMA-RLT protocol applied at our clinical institution with a shorter interval
of only four weeks between the cycles has good tolerability and favorable response rates,
progression-free survival, and survival rates for patients with mCRPC [29,30]. Therefore,
the purpose of this study was to evaluate the renal and salivary glands (parotid and sub-
mandibular) toxicity under this unique intensive treatment regimen using clinical and
scintigraphy parameters in mCRPC patients who all equally received three cycles of highly
standardized PSMA-RLT every 4 weeks.

2. Methods
2.1. Study Population

In this study, patients (n: 61) referred to the Department of Nuclear Medicine, Medical
University of Vienna, Vienna General Hospital, between September 2015 and December
2020 to receive PSMA-RLT due to mCRPC were retrospectively evaluated. The therapy
was performed in all patients with the recommendation of an interdisciplinary tumor
board. The treatments were performed according to §8 of the Austrian Medicines Act
(AMG). However, this analysis included only patients with properly and fully performed
PSMA PET scans as well as salivary and renal scintigraphy (Figure 1). None of the patients
studied underwent radiotherapy to the neck region. The studied patients had acquired a
salivary and kidney scintigraphy directly before the first cycle and one month after the last
(3rd) cycle of PSMA-RLT. Among them, a subgroup of patients additionally underwent
salivary and kidney scintigraphy prior to each of the 3 therapy cycles. In addition, all
patients underwent [68Ga]Ga-PSMA-11 ligand ([68Ga]Ga-PSMA) PET scans before the
first cycle and 4 weeks after the last (3rd) therapy cycle. Clinical laboratory parameters
including serum creatinine levels were measured in all patients before the start of each
cycle and 4 weeks after the third cycle of therapy, and patients were requested to answer a
questionnaire asking whether they suffer from dry mouth.
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2.2. [177Lu]Lu-PSMA-617 Radioligand Therapy

The PSMA-617 precursor was obtained from ABX GmbH (Radeberg, Germany) and
was labeled with [177Lu]Lutetium following procedures described previously [31]. In
all patients, the therapy protocol consisted of 3 cycles of 7361 ± 293 MBq of PSMA-RLT
administered intravenously every 4 weeks [30,32]. Prior to and after the slow intravenous
administration of PSMA-RLT, each patient received 1000 mL of normal 0.9% saline infusion
at 300 mL/h over 30 min. To protect the salivary glands, each patient received cold packs
on the salivary glands 30 min before and up to 6 h after the therapy injection (p.i.), which
were changed regularly.

2.3. Salivary Gland Scintigraphy

The salivary gland scintigraphy was performed on a double-headed gamma camera
(Axis, Philips Medical Systems, Amsterdam, The Netherlands) equipped with a low energy
all-purpose parallel hole collimator. The energy window around the 140 keV photopeak
of [99mTc]Technetium was 15%. Dynamic imaging was performed over 30 min after an
intravenous administration of 102 ± 13 MBq 99mTc-pertechnetat in a 64 × 64-pixel matrix
with 30 s per frame. Twenty minutes of p.i., p.i. = after the therapy injection, each patient
received 5 mL lemon juice diluted with water (1:1). Patients were encouraged not to
swallow the juice immediately but to hold it in the mouth for as long as possible and then
swallow it without moving the head.

The data were analyzed using Hermes Hybrid 3D software (Hermes Medical Solutions,
Stockholm, Sweden). For image analysis, a region of interest (ROI) was drawn over each
salivary gland (left and right parotid, submandibular gland, oral cavity, and background).
Time-activity curves were generated for each region. From these time-activity curves, the
ejection fraction (EF) was defined as the percentage of the difference between the maximum
count and the minimum count after stimulation divided by the maximum count [33–35].
Peak time was defined as the time after injection when the maximum count was reached.
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The residual activity (RA) at peak time plus 5 min was specified as the percentage of counts
5 min after the peak time divided by the maximum counts.

2.4. Kidney Scintigraphy

All kidney scintigraphy were also conducted on a double-headed gamma camera (Axis,
Philips Medical Systems, Eindhoven, Nederland) equipped with a low energy all-purpose par-
allel hole collimator. The energy window around the 140 keV photopeak of [99mTc]Technetium
was 15%. After injection of 95 ± 11 MBq [99mTc]-Mercaptoacetyltriglycine3 (MAG3), dynamic
planar images from dorsal were acquired over 20 min (120 frames, 10 s per frame) in a
128 × 128 matrix. As for salivary gland scintigraphy, the data were analyzed using Hermes
Hybrid 3D software (Hermes Medical Solutions, Stockholm, Sweden). For this, ROIs were
drawn around each kidney. The background ROIs were then automatically drawn by
the software.

From the generated time-activity curves, the relative function of the kidney was
determined from the slopes of the right and left Patlak plots [36–38]. Since no blood samples
were taken during the renal scintigraphy, the clearance parameters were determined using
a camera-based method without blood or urine sampling. Therefore, we determined a
measure of clearance similar to the methods that have been previously published [39,40].
Because the counts of the injected activity were not available, we could not express the
clearance in terms of percent of uptake. Thus, we normalized the integral from 0.7 to
2 min over the renogram curves to the amount of the injected activity, which should be
proportional to the injected counts using the same camera system for every patient.

2.5. PSMA-PET Imaging

Following our therapy protocol, all patients underwent [68Ga]Ga-PSMA PET exami-
nation prior to the initiation of the therapy and four weeks after the third treatment cycle.
The scan was carried out 60 min after the application of 173.5 ± 16.3 MBq [68Ga]Ga-PSMA.
Imaging was performed with four bed positions at 5 min scan time, thoroughly described
in [41]. Accordingly, the parotid gland was not fully imaged in PET scans and, thus, a
volume of interest (VOI) was generated only for the submandibular gland. To estimate
the metabolic volume and the maximum standardized uptake value (SUVmax) of the
submandibular glands, a cubic VOI was placed around the submandibular glands and
then a threshold value of 10% of the maximum pixel value within the VOI was used for
the delineation of the corresponding submandibular gland, as described previously in van
Kalmhout et al. study [42].

2.6. Statistical Analysis

Descriptive statistical analysis was conducted with the software IBM SPSS Statistics
version 24.0. The Kolmogorov–Smirnov test was applied to check the distribution of the val-
ues. Non-normally distributed data were presented as medians and ranges while normally
distributed data were expressed as mean ± standard deviation. Other mentioned statistical
analysis was performed using MedCalc v19.1 (Ostend, Belgium). One-way analysis of
variance (one-way ANOVA) was used to test for statistically significant differences between
the means of three or more groups. As a post-hoc test, the Scheffé test was conducted to
find out which pairs of means were significant. Cochran’s Q test was used for evaluation
of the results of the questioner concerning mouth dryness. A p-value lower than 0.05 was
considered as statistically significant.

3. Results
3.1. Study Population

A total of 27 patients who underwent a proper [68Ga]Ga-PSMA PET scan as well
as salivary and kidney scintigraphy prior to the first cycle and 4 weeks after the third
cycle of PSMA-RLT were included in this study. The mean age of the patients was
71 ± 7 years. Prior to therapy, the median and range of creatinine level for all patients was



Curr. Oncol. 2021, 28 3696

0.95 (0.71–1.16 mg/dL), respectively and of serum PSA level was 81.03 (5.91–3305 µg/L),
respectively. The characteristics of the studied patients are summarized in Table 1. Of
these patients, a subset of 24 patients underwent additional salivary and renal scintigraphy
immediately before each PSMA-RLT cycle.

Table 1. Clinical characteristics of the entire studied mCRPC patients prior to receiving any PSMA-RLT.

Features Values

Patients (n) 27

Age (mean ± SD) years 71 ± 7

Weight (mean ± SD) kilogram 85 ± 14

Karnofsky Score (n) %
<80% (9) 33
≥80% (18) 66

ECOG-Index (n) %
0 (0)
1 (25) 92.5
2 (2) 7.4

* PSA µg/L 81.03 (5.91–3305)

Hb (mean ± SD) g/dL 12.1 ± 1.6

Leucocyte g/L 6.9 ± 2.5

Thrombocyte (mean ± SD) g/L 242 ± 71

* Creatinine mg/dL 0.95 (0.71–1.16)

Previous treatments (n) %
Enzalutamide/Abiraterone (19) 70

Docetaxel/Cabazitaxel (19) 70
Ra-223 (Xofigo®) (11) 41

No chemo- or hormone or Ra-223 (Xofigo®) (2) 7

Metastatic lesions (n) %
cM1a (5) 18.5
cM1b (16) 59.3
cM1c (6) 22.2

n: Number of studied patients; SD: Standard deviation; PSA: Prostate specific antigen; Hb: Hemoglobin; *: Data
not normally distributed and presented in median and range.

3.2. Salivary Gland Scintigraphy

In total, 98 salivary scintigraphy were performed. In all patients (n: 27), and as
demonstrated in Table 2, there was no significant difference for the EF prior to as well as
between each therapy cycle and four weeks after the 3rd PSMA-RLT cycle for the right and
left parotid gland as well as for the right and left submandibular gland and for all glands
together. Concerning the peak time in salivary scintigraphy prior to as well as between the
three therapy cycles and one month after the last therapy cycle, there was no significant
difference for the right and left parotid gland, or for the right and left submandibular gland.
However, for all salivary glands combined, an ANOVA test yielded significant differences
in the values of peak time before the start of therapy compared to the values four weeks
after the last third treatment (p = 0.03), with the Scheffé test as a post-hoc test then revealing
no significant differences in mean values between cycles, as shown in Table 2. In addition,
there was no significant difference between the values of RA after 5 min for the left and
right parotid glands as well as for the left and right submandibular glands, and for all
glands together prior to the initiation of PSMA-RLT and four weeks after the last third
cycle, all depicted in Table 2 and Figure 2a.
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Table 2. Function of salivary glands directly before each cycle and 4 weeks after receiving 3 cycles of PSMA-RLT.

Parameters
Mean ± SD 1st Cycle (n: 27) 2nd Cycle (n: 22) 3rd Cycle (n: 22) 4 Weeks after 3rd

Cycle (n: 27) p-Value

Ejection fraction (%):
All glands 56.0 ± 12.0 54.6 ± 9.4 56.0 ± 12.1 53.9 ± 12.9 p = 0.31

Right parotid 62.0 ± 11.6 59.3 ± 8.3 61.8 ± 10.8 57.1 ± 14.0 p = 0.28
Left parotid 58.7 ± 14.1 57.6 ± 10.4 58.5 ± 16.1 54.3 ± 15.9 p = 0.60

Right submandibular 51.1 ± 10.9 50.6 ± 9.3 52.4 ± 8.2 51.7 ± 10.6 p = 0.94
Left submandibular 52.3 ± 7.2 51.1 ± 6.6 51.4 ± 9.6 52.5 ± 10.3 p = 0.91

Peak time (minutes):
All glands combined 16.9 ± 3.6 16.5 ± 3.9 16.5 ± 4.4 17.9 ± 3.9 p = 0.03 *

Right parotid 17.9 ± 2.5 17.8 ± 2.0 17.5 ± 3.8 18.6 ± 2.5 p = 0.50
Left parotid 18.2 ± 3.2 17.9 ± 2.8 18.1 ± 3.4 18.9 ± 3.9 p = 0.68

Right submandibular 15.7 ± 4.3 15.7 ± 5.1 14.6 ± 5.3 17.3 ± 4.0 p = 0.23
Left submandibular 15.9 ± 3.7 14.6 ± 4.3 15.9 ± 4.4 16.8 ± 4.7 p = 0.33

RA after 5 min:
All glands combined 56.9 ± 17.2 59.2 ± 17.0 57.5 ± 18.5 59.0 ± 19.7 p = 0.64

Right parotid 47.7 ± 14.9 53.6 ± 17.9 50.2 ± 16.6 54.7 ± 21.0 p = 0.27
Left parotid 51.1 ± 17.2 55.1 ± 16.2 52.1 ± 18.0 54.9 ± 20.6 p = 0.73

Right submandibular 63.0 ± 13.5 63.3 ± 17.2 62.1 ± 18.8 64.1 ± 18.6 p = 0.98
Left submandibular 65.8 ± 16.1 65.0 ± 14.8 65.6 ± 17.0 62.3 ± 17.8 p = 0.84

SD: Standard deviation; RA: Residual activity; *: Scheffé-test demonstrated no significant differences between the different cycles.

3.3. Kidney Function and Scintigraphy

There was no significant difference in mean creatinine levels between the 3 cycles of
therapy and 4 weeks after the last cycle: (1st cycle 0.98 ± 0.28; 2nd cycle: 0.94 ± 0.27; 3rd
cycle: 0.95 ± 0.28; four weeks after 3rd cycle: 1.02 ± 0.35; p = 0.58), as shown in Table 3.
Furthermore, parameters of relative renal function acquired from renal scintigraphy such
as the slopes of the right and left Patlak did not reveal significant differences between
the first three therapy cycles and one month after the third cycle in all studied patients:
(Patlak right: 1st cycle: 47.3 ± 11.9; 2nd cycle: 48.9 ±13.1; 3rd cycle: 51.6 ± 8.0; four weeks
after 3rd cycle: 45.4 ± 11.1; p = 0.28) and (Patlak left: 1st cycle: 52.7 ± 11.9; 2nd cycle:
51.1 ± 13.1; 3rd cycle: 48.4 ± 8.0 four weeks after 3rd cycle: 54.6 ± 11.1; p = 0.28). There
was also no significant difference for the integral of 0.7 to 2 min over the renogram curves
normalized to the injected activity as a measure of clearance, as well as there being no
significant difference between the values before the three cycles of therapy and the values
four weeks after the third-to-last cycle: (both kidneys combined: 1st cycle: 94.5 ± 46.7; 2nd
cycle: 94.3 ± 40.5; 3rd cycle: 101.5 ± 36.5; four weeks after 3rd cycle: 83.1 ± 32.7; p = 0.16),
(right kidney: 1st cycle: 88.7 ± 42.3; 2nd cycle: 89.1 ± 38.8; 3rd cycle: 100.8 ± 31.7; four
weeks after 3rd cycle: 77.0 ± 34.2; p = 0.20) and (left kidney: 1st cycle: 100.4 ± 50.5; 2nd
cycle: 99.7 ± 43.0; 3rd cycle: 102.2 ± 41.8; four weeks after 3rd cycle: 89.2 ± 30.6; p = 0.67),
see Table 3 and Figure 2b.
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right: 1st cycle: 47.3 ± 11.9; 2nd cycle: 48.9 ±13.1; 3rd cycle: 51.6 ± 8.0; four weeks after 3rd 

cycle: 45.4 ± 11.1; p = 0.28) and (Patlak left: 1st cycle: 52.7 ± 11.9; 2nd cycle: 51.1 ± 13.1; 3rd 

cycle: 48.4 ± 8.0 four weeks after 3rd cycle: 54.6 ± 11.1; p = 0.28). There was also no signifi-

cant difference for the integral of 0.7 to 2 min over the renogram curves normalized to the 

injected activity as a measure of clearance, as well as there being no significant difference 

between the values before the three cycles of therapy and the values four weeks after the 

third-to-last cycle: (both kidneys combined: 1st cycle: 94.5 ± 46.7; 2nd cycle: 94.3 ± 40.5; 3rd 

cycle: 101.5 ± 36.5; four weeks after 3rd cycle: 83.1 ± 32.7; p = 0.16), (right kidney: 1st cycle: 

88.7 ± 42.3; 2nd cycle: 89.1 ± 38.8; 3rd cycle: 100.8 ± 31.7; four weeks after 3rd cycle: 77.0 ± 

34.2; p = 0.20) and (left kidney: 1st cycle: 100.4 ± 50.5; 2nd cycle: 99.7 ± 43.0; 3rd cycle: 102.2 

± 41.8; four weeks after 3rd cycle: 89.2 ± 30.6; p = 0.67), see Table 3 and Figure 2b. 

  

Figure 2. (A) Salivary gland scintigraphy prior to each three cycles of PSMA-RLT and four weeks after the third cycle. No
significant difference in salivary gland function for percentage of ejection fraction (EF) (a) peak time (b) and RA after 5 min
(c) for the whole parotid and submandibular glands prior to each three cycles of therapy and four weeks after the third
cycle. wks.: weeks. (B) Kidney scintigraphy prior to each three cycles of PSMA-RLT and four weeks after the third cycle.
Relative renal function such as slopes of the right (a) and left (b) Patlak as well as the integral of both kidneys combined
from 0.7 to 2 min over the renogram curves normalized to the injected activity (c) did not reveal significant differences
between the 3 therapy cycles and one month after the third cycle in all studied patients. wks.: weeks. (C) Quantification of
the [68Ga]Ga-PSMA PET before the first cycle and 4 weeks after the last PSMA-RLT cycle. Significant reduction in values
of SUVmax (a) without changes in metabolic volume (b) of the whole submandibular glands after receiving 3 cycles of
PSMA-RLT. wks.: weeks.

3.4. [68Ga]Ga-PSMA PET Imaging

Quantification of the [68Ga]Ga-PSMA PET images demonstrated significant difference in
the SUVmax values for whole submandibular glands of both sides (20.2 ± 5.5 vs. 16.6 ± 4.8;
p = 0.001) before the first cycle and 4 weeks after the third therapy cycle. Furthermore,
SUVmax values of the left (20.5 ± 5.7 vs. 16.6 ± 4.8; p = 0.014) and the right (19.9 ± 5.4
vs. 16.6 ± 4.9; p = 0.03) submandibular glands significantly decreased four weeks after the
third therapy cycle as compared to the SUVmax values before the therapy start, Table 4.
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Table 3. Serum kidney and isotope nephrogram ([99Tc]Tc-MAG3) parameters directly before each cycle and 4 weeks after
receiving 3 cycles of PSMA-RLT.

Parameters
Mean ± SD 1st Cycle (n: 27) 2nd Cycle (n: 22) 3rd Cycle (n: 22) 4 Weeks after 3rd

Cycle (n: 27) p-Value

Creatinine mg/dL 0.98 ± 0.28 0.94 ± 0.27 0.95 ± 0.28 1.02 ± 0.35 p = 0.58

* Relative function:
Right 47.3 ± 11.9 48.9 ± 13.1 51.6 ± 8.0 45.4 ± 11.1 p = 0.28
Left 52.7 ± 11.9 51.1 ± 13.1 48.4 ± 8.0 54.6 ± 11.1 p = 0.28

# Integral:
All 94.5 ± 46.7 94.3 ± 40.5 101.5 ± 36.5 83.1 ± 32.7 p = 0.16

Right 88.7 ± 42.3 89.1 ± 38.3 100.8 ± 31.7 77.0 ± 34.2 p = 0.20
Left 100.4 ± 50.5 99.7 ± 43.0 102.2 ± 41.8 89.2 ± 30.6 p = 0.67

SD: Standard deviation; *: Relative function = (Patlak/Slope Plot) %; #: Integral (0.7–2.0 min)/activity [counts/MBq].

Table 4. [68Ga]Ga-PSMA PET parameters of salivary glands directly before and 4 weeks after receiving 3 cycles of PSMA-
RLT.

Parameters
Mean ± SD Prior 1st Cycle (n: 27) 4 Weeks after 3rd Therapy (n:

27) p-Value

SUVmax.:
All (both sides

submandibular)
20.2 ± 5.5 16.6 ± 4.8 p = 0.001 *

Right submandibular 19.9 ± 5.4 16.6 ± 4.9 p = 0.03 *
Left submandibular 20.5 ± 5.7 16.6 ± 4.8 p = 0.014 *

Metabolic volume:
All (both sides submandibular 11.1 ± 3.3 10.5 ± 3.2 p = 0.44

Right submandibular 11.3 ± 3.5 10.9 ± 3.3 p = 0.65
Left submandibular 10.8 ± 3.1 10.2 ± 3.2 p = 0.53

SD: Standard deviation; SUVmax: Maximum standard uptake value. *: Significant changes with Scheffé test before and 4 weeks after
receiving 3 cycles of PSMA-RLT.

Concerning metabolic volume, on the other hand, results indicated no significant
difference between the PSMA scan before and 4 weeks after the last therapy cycle, neither
for the right nor for the left side, nor for the whole submandibular gland, see Table 4 and
Figure 2c.

3.5. Questionnaire

Of the 27 patients, 21 completed a questionnaire concerning dry mouth prior to
obtaining the first cycle, 20 prior to the second cycle, 14 prior to the third cycle, and 19 one
month after the third cycle. Of these, four patients answered “yes” (19%) and seventeen
(81%) answered “no” to the question about dry mouth before receiving PSMA-RLT. Before
the second cycle, three men (15%) answered “yes” and seventeen (85%) answered “no”.
Before the third cycle, two patients (14%) answered “yes” and twelve (86%) answered “no”.
Four weeks after the third cycle, seven patients (37%) gave a “yes” response and twelve
(63%) gave a “no” response. The results of the Cochran’s Q test indicated no significant
differences on the question of dry mouth (yes or no) before obtaining each cycle and four
weeks after the last third cycle, p = 0.19.

4. Discussion

Salivary glands feature a high expression of PSMA receptors and are, consequently, the
organ with the highest absorbed radiation dose (1.0 ± 0.6 Gy/GBq) after PSMA-RLT [43].
This study is the first utilizing both salivary gland scintigraphy and [68Ga]Ga-PSMA
PET images to assess the effect of an intensive PSMA-RLT regimen of three cycles of
7400 PSMA-RLT every four weeks on salivary gland function. Besides the fact that the
values of salivary scintigraphy parameters such as EF, RA after 5 min, and peak time did
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not change significantly before and after treatment with this therapeutic regimen, there
was only a small but statistically non-significant increase from 19% to 37% of patients
reporting dry mouth. This is in good agreement with the mild and transient impairment
of salivary glands previously noted in other studies under various PSMA-RLT regimens.
Ahmadzarfar et al. reported dry lips in merely 20% of patients 2 weeks after receiving
a cycle of 4.1–6.1 GBq [177Lu]Lu-PSMA-617 [31]. Other studies have either reported a
temporary xerostomia or only a slight percentage of xerostomia (about 8.7%) in men who
acquired 1–2 cycles of 4.1–7.1 GBq PSMA-RLT [44,45]. In addition, Scarpa et al. recorded
xerostomia in three out of ten patients, which was transient in two patients and permanent
in only one patient [46], and Kratochwil and colleagues described relevant xerostomia
after three PSMA-RLT cycles in two out of thirty patients [27]. Although it was only mild
(i.e., grade 1) or transient functional impairment, other earlier studies detected xerostomia
in a large proportion of patients (87%) after up to four cycles of 7.5 GBq PSMA-RLT [43,47].
Hence, for the patients we studied, the mean peak time increased by approximately one
minute when we compared values before and four weeks after the third cycle, indicating a
slight impairment of salivary gland function after three cycles of therapy.

Furthermore, the results of the quantified [68Ga]Ga-PSMA PET scan displayed a sig-
nificant decrease in SUVmax for the right and left submandibular glands and for both
submandibular glands combined. This is in accordance with the findings of a previous
study [46] in which a significant decrease in SUVmax was also evident for the submandibu-
lar glands after 2–3 cycles of 6.1 ± 0.3 GBq PSMA-RLT. Indeed, PSMA is known to be
expressed on the epithelium of acinar gland cells and not on duct cells [48]. The decline
in SUVmax can, thus, probably be explained by cell death resulting from salivary toxicity,
which is accompanied by a loss of function. In contrast to Scarpa et al. who found a
significant decrease in the volume of the submandibular glands from 7.5 mL to 6.2 mL,
we did not find a meaningful change in the metabolic volume, which would have to be
associated with an appreciable cell loss. This is also supported by the consideration that
assuming an absorbed dose to the salivary glands of 0.8 to 2.5 Gy/GBq [49], the maximum
cumulative dose under our therapy regimen of 3 cycles of 7.4 GBq only slightly exceeds
the critical dose to the salivary glands of 26–50 Gy [43]. As mentioned in the introduction,
PSMA-RLT can also be conducted with alpha emitters, in particular with [225Ac]Actinium.
Here, salivary gland toxicity is also an important limiting factor of this therapy [50,51].
Thus, studies comparable to ours with salivary gland scintigraphy would be beneficial to
assess the precise impact of such therapies on salivary gland function.

Regarding renal function, there was no significant change in mean creatinine levels
during the entire duration of therapy and four weeks after the last cycle. This corresponds
well with outcomes of several other studies that used other therapeutic regimens, in which
no significant changes in renal function were also reported after PSMA-RLT. Among them
is the recent work of Rosar et al. who demonstrated an increase in GFR determined by the
MDRD formula after six cycles of PSMA-RLT with a median activity of 6.5 GBq [52]. Some
studies described a dose-dependent mild renal function impairment of approximately
4.5% after 2–5 five cycles of PSMA-RLT with a mean cumulative [177Lu]Lutetium dose
of 18.8 ± 6.7 GBq at 6–10 week intervals [53,54]. In other earlier studies, such as the
study by Yadav et al., no nephrotoxicity was detected in 31 patients after 1.11–5.55 GBq
[177Lu]Lu-PSMA-617 [55]. The proportion of patients with elevated cystatin C who had a
higher diagnostic sensitivity than serum creatinine and could detect even moderate GFR
limitation, increased from 25% at baseline to 58% after treatment in a study by Yordanova
et al. [23], which might further indicate a slight reduction of only about 30% from baseline
and the low burden of therapy on the renal function of mCRPC patients. Nevertheless,
Rahbar et al. found no significant alteration in the median creatinine and median tubular
extraction rate in male patients who experienced up to two doses of PSMA-RLT with a
mean activity of 5.9 ± 0.5 GBq [56].

Essentially, even under our stricter therapy interval of only 4 weeks, there was no
relevant nephrotoxicity, which was also confirmed by the results of renal scintigraphy.
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Specifically, the finding that the integral (0.7–2.0 min)/activity, as a surrogate parameter of
renal function, did not change significantly suggests that no clinically relevant restriction of
renal function occurs after PSMA-RLT. Likewise, the implication of [51Cr]Cr-EDTA GFR in
the study of Hofman et al. to evaluate renal toxicity under the effect of PSMA-RLT revealed
no renal toxic effects of this therapy on mCRPC patients after obtaining up to 4 cycles with
a median activity of 7.5 GBq and a median time between treatment cycles of 6.1 weeks [47].

Despite the use of scintigraphy as a dependable investigation to assess salivary and
renal function in a cohort of patients who all obtained a homogeneous therapy protocol
with equal activity dose and interval between the cycles, the retrospective design of the
study and the small sample size of patients analyzed might limit the findings of this
research. Therefore, differences in the patient population concerning their pre PSMA-RLT
treatments including chemotherapy, which might negatively affect renal function, and
tumor stages could have influenced the incidence of treatment toxicity observed in patients
included in this study. In addition, the short follow-up period of only 4 weeks after the last
cycle of therapy is another issue that may hinder the conclusions of this present study.

5. Conclusions

Altogether, we concluded that the salivary gland and renal function of mCRPC pa-
tients were only slightly affected under the more restrictive treatment regimen of 7.4 GBq
per cycle and an interval of only 4 weeks between cycles. This further supports the good
tolerability and innocuity of PSMA-RLT in male patients with mCRPC, even though longitu-
dinal studies of salivary gland function after PSMA-RLT might provide a better assessment
of the long-term effects of this therapy.

Author Contributions: Data curation, T.W., L.Z., E.K.-C., B.G., G.K. and S.R.; Investigation, T.W.
and S.R.; Methodology, M.W., B.G., G.K., S.S., C.V., M.H. (Markus Hartenbach) and S.R.; Writing—
original draft, T.W. and S.R.; Writing—review and editing, S.F.S., M.M., A.R.H., M.H. (Marcus
Hacker) and M.H. (Markus Hartenbach). All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of the Medical University of Vienna
(EK: 1143/2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: All authors declare no conflicts of interest related to this article.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

2. Sweat, S.D.; Pacelli, A.; Murphy, G.P.; Bostwick, D.G. Prostate-specific membrane antigen expression is greatest in prostate
adenocarcinoma and lymph node metastases. Urology 1998, 52, 637–640. [CrossRef]

3. Ghosh, A.; Heston, W.D. Tumor target prostate specific membrane antigen (PSMA) and its regulation in prostate cancer. J. Cell.
Biochem. 2004, 91, 528–539. [CrossRef]

4. O’Keefe, D.S.; Bacich, D.J.; Huang, S.S.; Heston, W.D. A Perspective on the Evolving Story of PSMA Biology, PSMA-Based
Imaging, and Endoradiotherapeutic Strategies. J. Nucl. Med. 2018, 59, 1007–1013. [CrossRef] [PubMed]

5. Silver, D.A.; Pellicer, I.; Fair, W.R.; Heston, W.D.; Cordon-Cardo, C. Prostate-specific membrane antigen expression in normal and
malignant human tissues. Clin. Cancer Res. 1997, 3, 81–85. [PubMed]

6. Bostwick, D.G.; Pacelli, A.; Blute, M.; Roche, P.; Murphy, G.P. Prostate specific membrane antigen expression in prostatic
intraepithelial neoplasia and adenocarcinoma: A study of 184 cases. Cancer 1998, 82, 2256–2261. [CrossRef]

http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1016/S0090-4295(98)00278-7
http://doi.org/10.1002/jcb.10661
http://doi.org/10.2967/jnumed.117.203877
http://www.ncbi.nlm.nih.gov/pubmed/29674422
http://www.ncbi.nlm.nih.gov/pubmed/9815541
http://doi.org/10.1002/(SICI)1097-0142(19980601)82:11&lt;2256::AID-CNCR22&gt;3.0.CO;2-S


Curr. Oncol. 2021, 28 3702

7. Hillier, S.M.; Maresca, K.P.; Lu, G.; Merkin, R.D.; Marquis, J.C.; Zimmerman, C.N.; Eckelman, W.C.; Joyal, J.L.; Babich, J.W.
99mTc-labeled small-molecule inhibitors of prostate-specific membrane antigen for molecular imaging of prostate cancer. J. Nucl.
Med. 2013, 54, 1369–1376. [CrossRef] [PubMed]

8. Eder, M.; Schäfer, M.; Bauder-Wüst, U.; Hull, W.-E.; Wängler, C.; Mier, W.; Haberkorn, U.; Eisenhut, M. 68Ga-Complex
Lipophilicity and the Targeting Property of a Urea-Based PSMA Inhibitor for PET Imaging. Bioconjug. Chem. 2012, 23, 688–697.
[CrossRef] [PubMed]

9. Weineisen, M.; Schottelius, M.; Simecek, J.; Baum, R.P.; Yildiz, A.; Beykan, S.; Kulkarni, H.R.; Lassmann, M.; Klette, I.; Eiber, M.;
et al. 68Ga- and 177Lu-Labeled PSMA I&T: Optimization of a PSMA-Targeted Theranostic Concept and First Proof-of-Concept
Human Studies. J. Nucl. Med. 2015, 56, 1169–1176.

10. Mease, R.C.; Dusich, C.L.; Foss, C.A.; Ravert, H.T.; Dannals, R.F.; Seidel, J.; Prideaux, A.; Fox, J.J.; Sgouros, G.; Kozikowski,
A.P.; et al. N-[N-[(S)-1,3-Dicarboxypropyl]Carbamoyl]-4-[18F]Fluorobenzyl-l-Cysteine, [18F]DCFBC: A New Imaging Probe for
Prostate Cancer. Clin. Cancer Res. 2008, 14, 3036–3043. [CrossRef]

11. Kratochwil, C.; Bruchertseifer, F.; Giesel, F.L.; Weis, M.; Verburg, F.A.; Mottaghy, F.; Kopka, K.; Apostolidis, C.; Haberkorn, U.;
Morgenstern, A. 225Ac-PSMA-617 for PSMA-Targeted α-Radiation Therapy of Metastatic Castration-Resistant Prostate Cancer. J.
Nucl. Med. 2016, 57, 1941–1944. [CrossRef]

12. Rice, M.; Malhotra, S.V.; Stoyanova, T. Second-Generation Antiandrogens: From Discovery to Standard of Care in Castration
Resistant Prostate Cancer. Front. Oncol. 2019, 9, 801. [CrossRef]

13. Nuhn, P.; De Bono, J.S.; Fizazi, K.; Freedland, S.J.; Grilli, M.; Kantoff, P.W.; Sonpavde, G.; Sternberg, C.N.; Yegnasubramanian, S.;
Antonarakis, E.S. Update on Systemic Prostate Cancer Therapies: Management of Metastatic Castration-resistant Prostate Cancer
in the Era of Precision Oncology. Eur. Urol. 2018, 75, 88–99. [CrossRef] [PubMed]

14. Nguyen-Nielsen, M.; Borre, M. Diagnostic and Therapeutic Strategies for Prostate Cancer. Semin. Nucl. Med. 2016, 46, 484–490.
[CrossRef] [PubMed]

15. Hofman, M.S.; Emmett, L.; Sandhu, S.; Iravani, A.; Joshua, A.M.; Goh, J.C.; Pattison, D.A.; Tan, T.H.; Kirkwood, I.D.; Ng, S.; et al.
[(177)Lu]Lu-PSMA-617 versus cabazitaxel in patients with metastatic castration-resistant prostate cancer (TheraP): A randomised,
open-label, phase 2 trial. Lancet 2021, 397, 797–804. [CrossRef]

16. Novartis Announces Positive Result of Phase III Study with Radioligand Therapy 177Lu-PSMA-617 in Patients with Advanced
Prostate Cancer. Available online: https://bit.ly/3ce0zCQ (accessed on 23 March 2021).

17. Rahbar, K.; Ahmadzadehfar, H.; Kratochwil, C.; Haberkorn, U.; Schäfers, M.; Essler, M.; Baum, R.P.; Kulkarni, H.R.; Schmidt, M.;
Drzezga, A.; et al. German Multicenter Study Investigating 177Lu-PSMA-617 Radioligand Therapy in Advanced Prostate Cancer
Patients. J. Nucl. Med. 2017, 58, 85–90. [CrossRef] [PubMed]

18. Bräuer, A.; Grubert, L.S.; Roll, W.; Schrader, A.J.; Schäfers, M.; Bögemann, M.; Rahbar, K. 177Lu-PSMA-617 radioligand therapy
and outcome in patients with metastasized castration-resistant prostate cancer. Eur. J. Nucl. Med. Mol. Imaging 2017, 44, 1663–1670.
[CrossRef] [PubMed]

19. Kratochwil, C.; Giesel, F.L.; Eder, M.; Afshar-Oromieh, A.; Benešová, M.; Mier, W.; Kopka, K.; Haberkorn, U. [177Lu]Lutetium-
labelled PSMA ligand-induced remission in a patient with metastatic prostate cancer. Eur. J. Nucl. Med. Mol. Imaging 2015, 42,
987–988. [CrossRef] [PubMed]

20. Rahbar, K.; Boegemann, M.; Yordanova, A.; Eveslage, M.; Schäfers, M.; Essler, M.; Ahmadzadehfar, H. PSMA targeted ra-
dioligandtherapy in metastatic castration resistant prostate cancer after chemotherapy, abiraterone and/or enzalutamide. A
retrospective analysis of overall survival. Eur. J. Nucl. Med. Mol. Imaging 2017, 45, 12–19. [CrossRef]

21. O’Keefe, D.S.; Bacich, D.J.; Heston, W.D. Comparative analysis of prostate-specific membrane antigen (PSMA) versus a prostate-
specific membrane antigen-like gene. Prostate 2004, 58, 200–210. [CrossRef]

22. Tönnesmann, R.; Meyer, P.T.; Eder, M.; Baranski, A.-C. [177Lu]Lu-PSMA-617 Salivary Gland Uptake Characterized by Quantitative
In Vitro Autoradiography. Pharmaceuticals 2019, 12, 18. [CrossRef] [PubMed]

23. Yordanova, A.; Becker, A.; Eppard, E.; Kürpig, S.; Fisang, C.; Feldmann, G.; Essler, M.; Ahmadzadehfar, H. The impact of repeated
cycles of radioligand therapy using [177Lu]Lu-PSMA-617 on renal function in patients with hormone refractory metastatic
prostate cancer. Eur. J. Nucl. Med. Mol. Imaging 2017, 44, 1473–1479. [CrossRef]

24. Delker, A.; Fendler, W.P.; Kratochwil, C.; Brunegraf, A.; Gosewisch, A.; Gildehaus, F.J.; Tritschler, S.; Stief, C.G.; Kopka, K.;
Haberkorn, U.; et al. Dosimetry for 177Lu-DKFZ-PSMA-617: A new radiopharmaceutical for the treatment of metastatic prostate
cancer. Eur. J. Nucl. Med. Mol. Imaging 2015, 43, 42–51. [CrossRef] [PubMed]

25. Kabasakal, L.; Abuqbeitah, M.; Aygün, A.; Yeyin, N.; Ocak, M.; Demirci, E.; Toklu, T. Pre-therapeutic dosimetry of normal organs
and tissues of 177Lu-PSMA-617 prostate-specific membrane antigen (PSMA) inhibitor in patients with castration-resistant prostate
cancer. Eur. J. Nucl. Med. Mol. Imaging 2015, 42, 1976–1983. [CrossRef] [PubMed]

26. Özkan, A.; Uçar, B.; Seymen, H.; Yarar, Y.Y.; Falay, F.O.; Demirkol, M.O. Posttherapeutic Critical Organ Dosimetry of Extensive
177Lu-PSMA Inhibitor Therapy With Metastatic Castration-Resistant Prostate Cancer: One Center Results. Clin. Nucl. Med. 2020,
45, 288–291. [CrossRef]

27. Kratochwil, C.; Giesel, F.L.; Stefanova, M.; Benešová, M.; Bronzel, M.; Afshar-Oromieh, A.; Mier, W.; Eder, M.; Kopka, K.;
Haberkorn, U. PSMA-Targeted Radionuclide Therapy of Metastatic Castration-Resistant Prostate Cancer with 177Lu-Labeled
PSMA-617. J. Nucl. Med. 2016, 57, 1170–1176. [CrossRef]

http://doi.org/10.2967/jnumed.112.116624
http://www.ncbi.nlm.nih.gov/pubmed/23733925
http://doi.org/10.1021/bc200279b
http://www.ncbi.nlm.nih.gov/pubmed/22369515
http://doi.org/10.1158/1078-0432.CCR-07-1517
http://doi.org/10.2967/jnumed.116.178673
http://doi.org/10.3389/fonc.2019.00801
http://doi.org/10.1016/j.eururo.2018.03.028
http://www.ncbi.nlm.nih.gov/pubmed/29673712
http://doi.org/10.1053/j.semnuclmed.2016.07.002
http://www.ncbi.nlm.nih.gov/pubmed/27825428
http://doi.org/10.1016/S0140-6736(21)00237-3
https://bit.ly/3ce0zCQ
http://doi.org/10.2967/jnumed.116.183194
http://www.ncbi.nlm.nih.gov/pubmed/27765862
http://doi.org/10.1007/s00259-017-3751-z
http://www.ncbi.nlm.nih.gov/pubmed/28624848
http://doi.org/10.1007/s00259-014-2978-1
http://www.ncbi.nlm.nih.gov/pubmed/25573634
http://doi.org/10.1007/s00259-017-3848-4
http://doi.org/10.1002/pros.10319
http://doi.org/10.3390/ph12010018
http://www.ncbi.nlm.nih.gov/pubmed/30678341
http://doi.org/10.1007/s00259-017-3681-9
http://doi.org/10.1007/s00259-015-3174-7
http://www.ncbi.nlm.nih.gov/pubmed/26318602
http://doi.org/10.1007/s00259-015-3125-3
http://www.ncbi.nlm.nih.gov/pubmed/26227531
http://doi.org/10.1097/RLU.0000000000002942
http://doi.org/10.2967/jnumed.115.171397


Curr. Oncol. 2021, 28 3703

28. Yadav, M.P.; Ballal, S.; Sahoo, R.K.; Dwivedi, S.N.; Bal, C. Radioligand Therapy With 177Lu-PSMA for Metastatic Castration-
Resistant Prostate Cancer: A Systematic Review and Meta-Analysis. Am. J. Roentgenol. 2019, 213, 275–285. [CrossRef] [PubMed]

29. Rasul, S.; Hacker, M.; Kretschmer-Chott, E.; Leisser, A.; Grubmüller, B.; Kramer, G.; Shariat, S.; Wadsak, W.; Mitterhauser, M.;
Hartenbach, M.; et al. Clinical outcome of standardized 177Lu-PSMA-617 therapy in metastatic prostate cancer patients receiving
7400 MBq every 4 weeks. Eur. J. Nucl. Med. Mol. Imaging 2019, 47, 713–720. [CrossRef] [PubMed]

30. Rasul, S.; Hartenbach, M.; Wollenweber, T.; Kretschmer-Chott, E.; Grubmüller, B.; Kramer, G.; Shariat, S.; Wadsak, W.; Mitterhauser,
M.; Pichler, V.; et al. Prediction of response and survival after standardized treatment with 7400 MBq 177Lu-PSMA-617 every
4 weeks in patients with metastatic castration-resistant prostate cancer. Eur. J. Nucl. Med. Mol. Imaging 2020, 48, 1650–1657.
[CrossRef]

31. Ahmadzadehfar, H.; Rahbar, K.; Kürpig, S.; Bögemann, M.; Claesener, M.; Eppard, E.; Gärtner, F.; Rogenhofer, S.; Schäfers, M.;
Essler, M. Early side effects and first results of radioligand therapy with 177Lu-DKFZ-617 PSMA of castrate-resistant metastatic
prostate cancer: A two-centre study. EJNMMI Res. 2015, 5, 114. [CrossRef]

32. Rasul, S.; Wollenweber, T.; Zisser, L.; Kretschmer-Chott, E.; Grubmüller, B.; Kramer, G.; Shariat, S.; Eidherr, H.; Mitterhauser, M.;
Vraka, C.; et al. Response and Toxicity to the Second Course of 3 Cycles of 177Lu-PSMA Therapy Every 4 Weeks in Patients with
Metastatic Castration-Resistant Prostate Cancer. Cancers 2021, 13, 2489. [CrossRef] [PubMed]

33. Shizukuishi, K.; Nagaoka, S.; Kinno, Y.; Saito, M.; Takahashi, N.; Kawamoto, M.; Abe, A.; Jin, L.; Inoue, T. Scoring analysis of
salivary gland scintigraphy in patients with Sjögren’s syndrome. Ann. Nucl. Med. 2003, 17, 627–631. [CrossRef] [PubMed]

34. Vitali, C.; Bombardieri, S.; Moutsopoulos, H.M.; Coll, J.; Gerli, R.; Hatron, P.Y.; Kater, L.; Konttinen, Y.T.; Manthorpe, R.; Meyer, O.;
et al. Assessment of the European classification criteria for Sjögren’s syndrome in a series of clinically defined cases: Results of a
prospective multicentre study. The European Study Group on Diagnostic Criteria for Sjögren’s Syndrome. Ann. Rheum. Dis. 1996,
55, 116–121. [CrossRef]

35. Klutmann, S.; Bohuslavizki, K.H.; Kröger, S.; Bleckmann, C.; Brenner, W.; Mester, J.; Clausen, M. Quantitative salivary gland
scintigraphy. J. Nucl. Med. Technol. 1999, 27, 20–26.

36. Taylor, A.T.; Brandon, D.C.; de Palma, D.; Blaufox, M.D.; Durand, E.; Erbas, B.; Grant, S.F.; Hilson, A.J.; Morsing, A. SNMMI
Procedure Standard/EANM Practice Guideline for Diuretic Renal Scintigraphy in Adults With Suspected Upper Urinary Tract
Obstruction 1.0. Semin. Nucl. Med. 2018, 48, 377–390. [CrossRef]

37. Peters, A.M. Graphical analysis of dynamic data: The Patlak-Rutland plot. Nucl. Med. Commun. 1994, 15, 669–672. [CrossRef]
[PubMed]

38. Piepsz, A.; Kinthaert, J.; Tondeur, M.; Ham, H.R. The robustness of the Patlak-Rutland slope for the determination of split renal
function. Nucl. Med. Commun. 1996, 17, 817–821. [CrossRef] [PubMed]

39. Gates, G.F. Glomerular filtration rate: Estimation from fractional renal accumulation of 99mTc-DTPA (stannous). Am. J. Roentgenol.
1982, 138, 565–570. [CrossRef]

40. Esteves, F.P.; Halkar, R.K.; Issa, M.M.; Grant, S.; Taylor, A. Comparison of camera-based 99mTc-MAG3 and 24-h creatinine
clearances for evaluation of kidney function. Am. J. Roentgenol. 2006, 187, W316–W319. [CrossRef]

41. Grubmüller, B.; Senn, D.; Kramer, G.; Baltzer, P.; D’Andrea, D.; Grubmüller, K.H.; Mitterhauser, M.; Eidherr, H.; Haug, A.R.;
Wadsak, W.; et al. Response assessment using (68)Ga-PSMA ligand PET in patients undergoing (177)Lu-PSMA radioligand
therapy for metastatic castration-resistant prostate cancer. Eur. J. Nucl. Med. Mol. Imaging 2019, 46, 1063–1072. [CrossRef]
[PubMed]

42. Van Kalmthout, L.W.M.; Lam, M.G.E.H.; De Keizer, B.; Krijger, G.C.; Ververs, T.F.T.; De Roos, R.; Braat, A.J.A.T. Impact of external
cooling with icepacks on (68)Ga-PSMA uptake in salivary glands. EJNMMI Res. 2018, 8, 56. [CrossRef]

43. Fendler, W.P.; Reinhardt, S.; Ilhan, H.; Delker, A.; Böning, G.; Gildehaus, F.J.; Stief, C.; Bartenstein, P.; Gratzke, C.; Lehner, S.; et al.
Preliminary experience with dosimetry, response and patient reported outcome after 177Lu-PSMA-617 therapy for metastatic
castration-resistant prostate cancer. Oncotarget 2016, 8, 3581–3590. [CrossRef]

44. Ahmadzadehfar, H.; Eppard, E.; Kürpig, S.; Fimmers, R.; Yordanova, A.; Schlenkhoff, C.D.; Gartner, F.; Rogenhofer, S.; Essler,
M. Therapeutic response and side effects of repeated radioligand therapy with 177Lu-PSMA-DKFZ-617 of castrate-resistant
metastatic prostate cancer. Oncotarget 2016, 7, 12477–12488. [CrossRef]

45. Rahbar, K.; Bode, A.; Weckesser, M.; Avramovic, N.; Claesener, M.; Stegger, L.; Bögemann, M. Radioligand Therapy With
177Lu-PSMA-617 as A Novel Therapeutic Option in Patients With Metastatic Castration Resistant Prostate Cancer. Clin. Nucl.
Med. 2016, 41, 522–528. [CrossRef]

46. Scarpa, L.; Buxbaum, S.; Kendler, D.; Fink, K.; Bektic, J.; Gruber, L.; Decristoforo, C.; Uprimny, C.; Lukas, P.; Horninger, W.; et al.
The (68)Ga/(177)Lu theragnostic concept in PSMA targeting of castration-resistant prostate cancer: Correlation of SUV(max)
values and absorbed dose estimates. Eur. J. Nucl. Med. Mol. Imaging 2017, 44, 788–800. [CrossRef]

47. Hofman, M.S.; Violet, J.; Hicks, R.J.; Ferdinandus, J.; Thang, S.P.; Akhurst, T.; Iravani, A.; Kong, G.; Kumar, A.R.; Murphy, D.G.;
et al. [(177)Lu]-PSMA-617 radionuclide treatment in patients with metastatic castration-resistant prostate cancer (LuPSMA trial):
A single-centre, single-arm, phase 2 study. Lancet Oncol. 2018, 19, 825–833. [CrossRef]

48. Wolf, P.; Freudenberg, N.; Bühler, P.; Alt, K.; Schultze-Seemann, W.; Wetterauer, U.; Elsässer-Beile, U. Three conformational
antibodies specific for different PSMA epitopes are promising diagnostic and therapeutic tools for prostate cancer. Prostate 2009,
70, 562–569. [CrossRef] [PubMed]

http://doi.org/10.2214/AJR.18.20845
http://www.ncbi.nlm.nih.gov/pubmed/30995089
http://doi.org/10.1007/s00259-019-04584-1
http://www.ncbi.nlm.nih.gov/pubmed/31781834
http://doi.org/10.1007/s00259-020-05082-5
http://doi.org/10.1186/s13550-015-0114-2
http://doi.org/10.3390/cancers13102489
http://www.ncbi.nlm.nih.gov/pubmed/34065303
http://doi.org/10.1007/BF02984967
http://www.ncbi.nlm.nih.gov/pubmed/14971603
http://doi.org/10.1136/ard.55.2.116
http://doi.org/10.1053/j.semnuclmed.2018.02.010
http://doi.org/10.1097/00006231-199409000-00001
http://www.ncbi.nlm.nih.gov/pubmed/7816377
http://doi.org/10.1097/00006231-199609000-00014
http://www.ncbi.nlm.nih.gov/pubmed/8895911
http://doi.org/10.2214/ajr.138.3.565
http://doi.org/10.2214/AJR.05.1025
http://doi.org/10.1007/s00259-018-4236-4
http://www.ncbi.nlm.nih.gov/pubmed/30569186
http://doi.org/10.1186/s13550-018-0408-2
http://doi.org/10.18632/oncotarget.12240
http://doi.org/10.18632/oncotarget.7245
http://doi.org/10.1097/RLU.0000000000001240
http://doi.org/10.1007/s00259-016-3609-9
http://doi.org/10.1016/S1470-2045(18)30198-0
http://doi.org/10.1002/pros.21090
http://www.ncbi.nlm.nih.gov/pubmed/19938014


Curr. Oncol. 2021, 28 3704

49. Taïeb, D.; Foletti, J.-M.; Bardiès, M.; Rocchi, P.; Hicks, R.J.; Haberkorn, U. PSMA-Targeted Radionuclide Therapy and Salivary
Gland Toxicity: Why Does It Matter? J. Nucl. Med. 2018, 59, 747–748. [CrossRef] [PubMed]

50. Sathekge, M.M.; Bruchertseifer, F.; Vorster, M.; Morgenstern, A.; Lawal, I.O. Global experience with PSMA-based alpha therapy in
prostate cancer. Eur. J. Nucl. Med. Mol. Imaging 2021, 26, 1–7.

51. Filippi, L.; Chiaravalloti, A.; Schillaci, O.; Bagni, O. The potential of PSMA-targeted alpha therapy in the management of prostate
cancer. Expert Rev. Anticancer. Ther. 2020, 20, 823–829. [CrossRef]

52. Rosar, F.; Kochems, N.; Bartholomä, M.; Maus, S.; Stemler, T.; Linxweiler, J.; Khreish, F.; Ezziddin, S. Renal Safety of [177Lu]Lu-
PSMA-617 Radioligand Therapy in Patients with Compromised Baseline Kidney Function. Cancers 2021, 13, 3095. [CrossRef]
[PubMed]

53. Gallyamov, M.; Meyrick, D.; Barley, J.; Lenzo, N. Renal outcomes of radioligand therapy: Experience of 177lutetium—prostate-
specific membrane antigen ligand therapy in metastatic castrate-resistant prostate cancer. Clin. Kidney J. 2019, 13, 1049–1055.
[CrossRef] [PubMed]

54. Ngoc, C.N.; Happel, C.; Davis, K.; Groener, D.; Mader, N.; Mandel, P.; Tselis, N.; Gruenwald, F.; Sabet, A. Renal Function after
Radioligand Treatment with 177Lu-PSMA-617. J. Nucl. Med. 2020, 61 (Suppl. 1), 1279.

55. Yadav, M.P.; Ballal, S.; Tripathi, M.; Damle, N.A.; Sahoo, R.K.; Seth, A.; Tselis, N.; Gruenwald, F.; Sabet, A. (177)Lu-DKFZ-PSMA-
617 therapy in metastatic castration resistant prostate cancer: Safety, efficacy, and quality of life assessment. Eur. J. Nucl. Med.
Mol. Imaging 2017, 44, 81–91. [CrossRef] [PubMed]

56. Rahbar, K.; Schmidt, M.; Heinzel, A.; Eppard, E.; Bode, A.; Yordanova, A.; Claesener, M.; Ahmadzadehfar, H. Response and
Tolerability of a Single Dose of 177Lu-PSMA-617 in Patients with Metastatic Castration-Resistant Prostate Cancer: A Multicenter
Retrospective Analysis. J. Nucl. Med. 2016, 57, 1334–1338. [CrossRef]

http://doi.org/10.2967/jnumed.118.207993
http://www.ncbi.nlm.nih.gov/pubmed/29439016
http://doi.org/10.1080/14737140.2020.1814151
http://doi.org/10.3390/cancers13123095
http://www.ncbi.nlm.nih.gov/pubmed/34205686
http://doi.org/10.1093/ckj/sfz101
http://www.ncbi.nlm.nih.gov/pubmed/33391748
http://doi.org/10.1007/s00259-016-3481-7
http://www.ncbi.nlm.nih.gov/pubmed/27506431
http://doi.org/10.2967/jnumed.116.173757

	Introduction 
	Methods 
	Study Population 
	[177Lu]Lu-PSMA-617 Radioligand Therapy 
	Salivary Gland Scintigraphy 
	Kidney Scintigraphy 
	PSMA-PET Imaging 
	Statistical Analysis 

	Results 
	Study Population 
	Salivary Gland Scintigraphy 
	Kidney Function and Scintigraphy 
	[68Ga]Ga-PSMA PET Imaging 
	Questionnaire 

	Discussion 
	Conclusions 
	References

