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Muscarinic inhibition of salivary glands 
with glycopyrronium bromide does not reduce 
the uptake of PSMA-ligands or radioiodine
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Abstract 

Rationale: Salivary glands are highly perfused and express the prostate‑specific membrane antigen (PSMA) recep‑
tor as well as the sodium—iodide symporter. As a consequence, treatment with 177Lu/225Ac‑PSMA for prostate cancer 
or 131I for thyroid cancer leads to a high radiation dose in the salivary glands, and patients can be confronted with 
persistent xerostomia and reduced quality of life. Salivation can be inhibited using an antimuscarinic pharmaceutical, 
such as glycopyrronium bromide (GPB), which may also reduce perfusion. The primary objective of this work was to 
determine if inhibition with GPB could provide a considerable (> 30%) reduction in the accumulation of administered 
123I or 68Ga‑PSMA‑11 in salivary glands.

Methods: Ten patients who already received a whole‑body 68Ga‑PSMA‑11 PET/CT scan for (re)staging of prostate 
cancer underwent a repeat PET/CT scan with tracer administration at 90 min after intravenous injection of 0.2 mg 
GPB. Four patients in follow‑up after thyroid cancer, who had been treated with one round of ablative 131I therapy 
with curative intent and had no signs of recurrence, received 123I planar scintigraphy at 4 h after tracer administra‑
tion without GPB and a repeated scan at least one week later, with tracer administration at 30 min after intramuscular 
injection of 0.4 mg GPB. Tracer uptake in the salivary glands was quantified on PET and scintigraphy, respectively, and 
values with and without GPB were compared.

Results: No significant difference in PSMA uptake in the salivary glands was seen without or with GPB (Mean  SULmean 
parotid glands control 5.57, intervention 5.72, p = 0.50. Mean  SULmean submandibular glands control 6.25, intervention 
5.89, p = 0.12). Three out of 4 patients showed increased 123I uptake in the salivary glands after GPB (Mean counts per 
pixel control 8.60, intervention 11.46).

Conclusion: Muscarinic inhibition of salivation with GPB did not significantly reduce the uptake of PSMA‑ligands 
or radioiodine in salivary glands, and can be dismissed as a potential strategy to reduce toxicity from radionuclide 
therapies.
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Introduction
Salivary gland toxicity after radionuclide therapy
Salivary gland toxicity, especially xerostomia, is a seri-
ous side effect of several radionuclide therapies (RNTs). 
The most important examples are radioactive iodine 
(131I) therapy, which is used in the treatment of patients 
with well-differentiated thyroid cancer [1–4], and 
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prostate-specific membrane antigen (PSMA)-targeted 
radioligand therapy, for patients with metastatic pros-
tate cancer using  [177Lu]Lu- or  [225Ac]Ac-PSMA ligands 
[5–10]. Both these systemic RNTs target only tissues that 
express specific proteins; the sodium iodide symporter 
(NIS) in the case of 131I therapy and the PSMA recep-
tor in the case of PSMA therapy. However, the salivary 
glands (and some other non-target organs) also express 
these proteins [11, 12], and due to their highly perfused 
vasculature, also accumulate radiopharmaceuticals tar-
geting these proteins in high concentrations, causing 
radiation-induced toxicity. The level of PSMA receptor 
expression in the salivary glands is highly disputed [12–
18]. A large fraction of the uptake of PSMA-ligands in the 
salivary glands is now hypothesised to be non-specific in 
nature and does not involve the receptor [18, 19].

Development of strategies to reduce this toxicity
Xerostomia due to the aforementioned RNTs can result 
in vastly decreased quality of life. Salivary gland toxicity 
can even be a dose-limiting factor, leading to discontinu-
ation of treatment in PSMA-ligand therapy especially 
when using alpha emitters [8, 20]. There is a need to find 
strategies that can reduce uptake preferentially in the sal-
ivary glands without affecting uptake in cancerous tissue. 
Molecular imaging with diagnostic analogues of thera-
peutic radiopharmaceuticals is often used for pre-therapy 
dosimetry of tumour and normal tissues, because these 
diagnostic analogues have identical or almost identical 
chemical properties as their therapeutic counterparts. 
For example, 123I is chemically identical to 131I. Therefore, 
they are suitable for screening potentially effective strate-
gies to reduce toxicity, by visualising their effect on the 
tracer biodistribution. Conclusions can then be drawn 
on organ dose reduction based on changes in diagnostic 
tracer uptake.

In the case of PSMA-ligand therapy, positron emission 
tomography with computed tomography (PET/CT) can 
be used to evaluate the biodistribution of diagnostic radi-
olabelled PSMA-ligands in vivo [21–23], and can be used 
to test protective strategies for PSMA-ligand therapies 
that may reduce uptake in salivary glands. In the case of 
131I therapy, the uptake in salivary glands can be visual-
ised using 99mTc or 123I scintigraphy [24–27], for example 
to evaluate biodistribution differences after stimulated 
salivation. The same technique can also be applied to 
test new protective strategies that aim to reduce tracer 
uptake.

GPB to reduce uptake
Glycopyrronium bromide (GPB) is a synthetic anticho-
linergic/antimuscarinic pharmaceutical that reduces 
various secretions including gastric, salivary, bronchial 

and sweat, by competitively inhibiting the cholinergic 
muscarinic receptors. GPB was mainly used pre-oper-
atively to reduce these secretions, but has also been 
prescribed to reduce sialorrhea in patients [28]. It sig-
nificantly reduces the rate of saliva production and can 
inhibit vasodilation of afferent vasculature via the mus-
carinic acetylcholine M3 and M1 receptor [29–32]. In 
contrast to other anticholinergic drugs, it has no effect 
on the central nervous system due to its inability to pass 
the blood–brain barrier [33]. We hypothesised that the 
downregulation of receptors relevant to secretion and 
vasodilation could also result in lowered perfusion, 
thereby reducing accumulation of radiopharmaceuti-
cals in the salivary glands. Since GPB’s presumed mode 
of action is via the cholinergic receptors and not on the 
NIS or PSMA receptor, it is expected to have no effect 
on radiopharmaceutical uptake in cancerous tissues. 
The inhibition of gastric secretion could also lead to 
less iodine uptake in the stomach, potentially leading to 
less nausea after therapy.

Among the various strategies tested in the literature, 
the only one successful in considerably reducing PSMA 
uptake in salivary glands without affecting tumour 
uptake is the injection of botulinum toxin [34]. Botu-
linum toxin, comparable in action to GPB, inhibits the 
release of acetylcholine and has also been used to treat 
sialorrhea. However, this technique is spatially limited 
to injected areas of macroscopic glands, is highly inva-
sive, and could have other potential side effects. We 
aimed to accomplish the same effects with a systemic 
mechanism that can reach all gland areas, using a less 
invasive and potentially less harmful pharmaceutical.

The purpose of this work was to investigate the 
effect of GPB on the biodistribution of radiolabelled 
PSMA-ligands and radioiodine. Besides the salivary 
glands, other tissues were also included in the analy-
sis to study the broader effects of GPB on tracer bio-
distribution. Kidneys, liver, aorta and malignant lesions 
were included in the PSMA analysis, and the stomach 
and intestines were included in the iodine analysis. An 
uptake reduction of at least 30% in the salivary glands 
was considered clinically relevant and was selected as 
the primary endpoint.

Methods
Both study protocols were approved by the Medical 
Ethics Committee of the Netherlands Cancer Insti-
tute (CCMO trial registration NL65680.031.18 and 
NL66414.031.18). The studies were conducted in accord-
ance with the Declaration of Helsinki. Written and oral 
informed consent was obtained from all patients prior to 
study entry.
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Effect of GPB on PSMA‑ligand uptake
Study population
The study included 10 patients with prostate cancer, who 
recently (< 1  month ago) received a  [68Ga]Ga-PSMA-11 
PET/CT scan for evaluation of prostate cancer on clini-
cal indication, and who had at least one visible PSMA 
positive tumour location > 1  cm in diameter. This first 
scan served as the baseline scan. Patients who had 
received any (changes in) treatment since the first scan 
were excluded. Patients taking anticholinergic medica-
tion or having contraindications to such medicine, as well 
as patients having a history of salivary gland disease or 
treatment (including radiation therapy to the neck and/
or systemic radionuclide treatment) were also excluded.

Study procedure and image acquisition
The imaging procedures for the control and interven-
tion scans were identical, except for the administra-
tion of GPB. For PSMA PET/CT, patients were first 
injected with 10  mg of furosemide, and immediately 
thereafter with 100  MBq of 68Ga-PSMA-11 (in-house 
production according to Dutch legislation and EANM 
guidelines using local protocols). After an incubation 
time of 45–60 min, patients were scanned from the upper 
thighs to the base of the skull using a Gemini TF PET/
CT scanner (Philips Medical Systems, The Netherlands). 
A low dose CT scan was acquired with 150 mAs and 
2 mm slices. PET images were acquired with 2–3 min per 
bed position. All scans were reconstructed iteratively to 
4 × 4 × 4  mm3 voxels with attenuation correction accord-
ing to EARL specifications.

The intervention PET scan was performed within 
a month of the control scan, with the same scanning 
parameters. On the day of the intervention scan, patients 
first received 0.2 mg GPB (Robinul®, Biosyn Arzneimit-
tel GmbH, Germany) intravenously, 90  min [33] before 
injection of furosemide and 68Ga-PSMA.

Image analysis
Uptake on the PET scans was measured quantitatively 
using in-house developed software. Standardised uptake 
values corrected for lean body mass (SUL) were calcu-
lated using James’ formula [35]. Large organs with high 
uptake, namely the salivary glands and kidneys, were 
segmented using a relative threshold. 3D volumes of 
interest (VOI) were initially placed around each of the 
4 major salivary glands (2 parotid and 2 submandibular 
glands) and each kidney. A threshold of 20% of the maxi-
mum uptake value within each VOI was used to segment 
them.  SULmax,  SULpeak (defined as the mean of a  1cm3 
spherical volume centred at the location of  SULmax) and 
 SULmean for each of the salivary glands were measured. 

 SULmean was measured for each kidney. For the liver and 
aorta, a spherical VOI of 3 cm diameter [36] was placed 
at the same, representative reference location in both 
scans, and the  SULmean was measured. For malignant 
lesions, the lesion with the highest uptake was chosen 
per patient, and the  SULmax was measured. For all paired 
organs (parotids, submandibulars and kidneys), the mean 
of the parameters was calculated.

Statistical analysis
Statistical analysis was done using IBM SPSS Statistics 
25. Comparisons between the control and intervention 
uptake parameters were done using a two-tailed paired 
samples t test, after checking for normality according to 
the Shapiro–Wilk test, assuming a significance level of 
α = 0.05.

Effect of GPB on iodine uptake
Study population
The study included 4 patients who were in follow-up after 
primary treatment for differentiated thyroid cancer, who 
had only received one ablative 131I treatment after thy-
roidectomy, and who had no signs of recurrence at the 
time of evaluation. The absence of any functional thyroid 
tissue or tumour recurrence in the neck contributes to 
straightforward evaluation of uptake in salivary glands, 
while the maximum of one received 131I treatment also 
minimises possible radiation damage received by the 
salivary glands. Patients who received new treatments or 
had changes in medication after the baseline scan were 
excluded. Patients taking anticholinergic medication 
or having contraindications to such medicine, as well 
as patients having a history of salivary gland disease or 
treatment were also excluded.

The study was initially intended to include 10 patients, 
with an interim analysis to be carried out after 5 patients 
were included, to evaluate if the desired trend was exhib-
ited. If the desired trend was not to be found (< 15% 
uptake reduction in 5 patients), the study would be ter-
minated. Due to difficulties in including the  5th patient 
(logistical issues and COVID-19), the interim analysis 
was carried out after 4 patients.

Study procedure and image acquisition
The imaging procedures for the control and interven-
tion scans were identical, except for the administration 
of GPB. After a 4 h fast, patients were orally adminis-
tered 18.5  MBq (0.5  mCi) 123I  ([123I] Sodium Iodide 
Capsules, GE Healthcare B.V., The Netherlands). At 
4  h post administration of 123I, planar images were 
acquired using a Symbia S eco gamma camera (Sie-
mens Healthcare GmbH, Germany) equipped with a 
low-energy, high-resolution collimator, with a field of 
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view extending from the top of the skull to the knees. 
The scan length was 140  cm, acquired at a speed of 
6 cm/min. The energy window was centred at 159 keV 
(145.2–168.8 keV). A standard counting vial of known 
activity was placed between the patient’s legs. Images 
were acquired by the anterior and posterior detec-
tor panels with a scan matrix of size 1024 × 256, with 
2.4 × 2.4  mm2 pixels.

One week later, patients returned to receive the inter-
vention scan. For this procedure, patients were admin-
istered 0.4  mg of GPB (Robinul®, Biosyn Arzneimittel 
GmbH, Germany) intramuscularly, 30  min [33] before 
oral administration of 123I.

Image analysis
Uptake on the anterior scintigraphy scans was meas-
ured quantitatively using in-house software. The poste-
rior scan was not used, and neither was the geometric 
mean of the two, as this led to a reduction in signal to 
noise ratio in the regions of interest (ROI). A circular 
ROI of 3  cm in diameter was centred on the standard 
vial for every scan. The total counts within the circle 
were compared between scans to ensure signal con-
sistency. To measure total counts in all salivary glands 
combined, a rectangular ROI of 60 × 40 pixels (144 × 96 
 mm2) was placed over the salivary glands, ensuring 
that all activity emanating from the glands fit within 
it. In order to count the activity from the stomach and 
intestines, a square ROI of fixed width and length (100 
pixels or 240 mm) was drawn ranging from the top of 
the stomach to the top of the bladder (excluding the 
bladder). Total counts within the ROIs were measured 
for the control and intervention scan. The total counts 
were corrected for decay (time between intake and 

acquisition) and then divided by the area of the ROI, to 
get the mean counts per pixel.

Statistical analysis
Data were evaluated using descriptive statistics.

Results
Effect of GPB on PSMA‑ligand uptake
Demographics
The 10 male patients had an average age of 72  years 
(range of 66–82). On the days of the intervention scan, all 
patients reported the subjective sensation of a dry mouth 
that began prior to tracer administration and lasted till 
several hours later. The characteristics of each patient are 
summarised in Table 1.

PET/CT data
Representative control and intervention scans are shown 
in Fig. 1. The mean ± standard deviation of various SUL 
parameters for each of the different tissue types investi-
gated in all patients are shown in Table 2. No significant 
differences between the control and intervention param-
eters for any tissue type were found, except for a small 
reduction in uptake in the kidneys.

Effect of GPB on iodine uptake
Demographics
The 4 patients included had an average age of 51  years 
(range of 29–67). On the days of the intervention scans, 
all patients reported the subjective sensation of a dry 
mouth that began before the time of the tracer admin-
istration and lasted till several hours later. The charac-
teristics and 131I treatment history of each patient are 
summarised in Table 3.

Table 1 Patient characteristics for PSMA study

TNM = Clinical stage of prostate cancer, including findings on the baseline PSMA PET/CT; BCR = Biochemical recurrence; PSA = Prostate-specific antigen, measured 
prior to the baseline PSMA PET/CT

Patient Age (years) Height (cm) Weight (kg) TNM Initial Gleason score PSA (ng/ml)

1 68 182 90 T2N1M0 6 13.2

2 76 182 87 T0N1M0 (BCR) 7 1.4

3 82 174 97 T2N0M1 6 14.1

4 66 174 83 T2N0M0 8 7.7

5 75 181 80 T0N1M1 (BCR) 8 2.9

6 74 178 81 T + N0M0 (BCR) 7 3.1

7 64 175 77 T0N0M1 (BCR) 7 8.8

8 74 183 82 T3N0M0 7 19.0

9 72 174 68 T0N1M1 (BCR) 8 1.6

10 73 178 83 T0N0M1 (BCR) 9 0.4
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Scintigraphy data
Representative control and intervention scans can be 
seen in Fig.  2. The counts within the standard vial did 
not vary more than 3% between the control and inter-
vention scans for all patients. The mean counts per pixel 
in the rectangular ROIs for the salivary glands as well as 
the stomach and intestines are reported in Table  4 for 
each patient. Averaging the data for the 4 patients, the 
intervention scans showed a considerable 37% increase 
in counts in the salivary glands compared to the control 
scans. Since the opposite effect was observed than was 
expected, and the desired reduction in uptake was no 
longer achievable even with the inclusion of a potential 
 5th patient, the study was terminated for ethical and sta-
tistical reasons.

Discussion
This work demonstrated that premedication with GPB 
did not significantly reduce the uptake of PSMA-ligands 
or radioiodine in the salivary glands, despite successful 
functional inhibition of the glands resulting in patients 
complaining of a dry mouth. A limitation of this work 
is the small number of patients, especially in the iodine 
cohort. However, it is unlikely that a larger number of 
patients would yield a reduction in uptake that is clini-
cally relevant, given the trends exhibited.

PSMA-ligand therapies show great promise in treating 
metastatic prostate cancer. Reducing salivary gland tox-
icity, especially in the case of alpha emitters, is of para-
mount importance if the therapy is to transition to wider 
use in the clinic [7, 8, 20]. The exact mechanism of non-
specific PSMA uptake in the salivary glands remains to 
be elucidated, but its presence indicates that there are a 
few distinct approaches by which the uptake in the sali-
vary glands could be reduced.

One is by inhibiting the PSMA receptors in the glands, 
reducing specific uptake. A couple of murine studies 
[37, 38] evaluated the PSMA inhibitor, 2-(phosphono-
methyl)pentanedioic acid (2-PMPA). They found that 
while its ability to displace renal and potentially salivary 
gland uptake was substantial, it also resulted in an inhi-
bition of tumour uptake, sacrificing therapeutic efficacy. 
One study that orally administered polyglutamate folate 

Fig. 1 Coronal maximum intensity projections of the control and 
intervention 68Ga‑PSMA‑11 PET scans of patient 1

Table 2 Comparison of 68Ga‑PSMA PET parameters in tissues for control and intervention scans

SUL = Standardised uptake value corrected for lean body mass corrected; *p < 0.05 is considered statistically significant

Tissue Parameter Control Intervention Relative change (%) p Value

Parotid Glands SULmean 5.57 ± 0.93 5.72 ± 1.16 2.7 0.50

SULpeak 10.31 ± 1.46 10.43 ± 1.92 1.2 0.75

SULmax 15.26 ± 2.10 15.28 ± 2.49 0.1 0.97

Submandibular Glands SULmean 6.25 ± 1.95 5.89 ± 2.21 − 5.8 0.12

SULpeak 10.96 ± 2.37 10.33 ± 2.62 − 5.7 0.10

SULmax 18.82 ± 3.77 17.87 ± 4.57 − 5.0 0.19

Aorta SULmean 1.08 ± 0.11 1.03 ± 0.13 − 4.0 0.34

Liver SULmean 4.21 ± 0.65 4.30 ± 0.60 2.1 0.55

Kidneys SULmean 22.29 ± 5.67 20.31 ± 6.00 − 8.9 0.01*

Tumour or metastasis SULmax 9.71 ± 6.58 9.00 ± 6.62 − 7.3 0.33

Table 3 Patient characteristics for iodine study

Patient Age (years) Sex Year of I‑131 
treatment

Activity (MBq)

1 52 F 1995 2770

2 29 F 2015 3700

3 55 F 2016 1200

4 67 F 2016 1125
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tablets, a competitive substrate for the PSMA receptor, 
to patients receiving  [177Lu]Lu-PSMA therapy, estimated 
that a reduction in parotid absorbed dose of at least 45% 
was possible, when compared to other dosimetry studies 
that did not employ protective strategies [39]. Another 
recent murine study demonstrated that administering 
‘cold’ PSMA could also greatly reduce uptake of  [177Lu]
Lu-PSMA in the salivary glands and kidneys while only 
marginally reducing tumour uptake [40]. Whether this 
will translate to human models remains to be seen.

Another method is by reducing non-specific uptake in 
the glands. Many PSMA-ligands require the integration 

of a glutamate moiety in order to bind specifically to the 
PSMA receptor. Recently, a randomised, double blinded, 
placebo-controlled study attempted to minimise non-
specific  [18F]DCFPyl uptake by orally administering 
monosodium glutamate, having found favourable results 
in a previous murine model [41]. In humans however, 
they found that while the uptake in the salivary glands 
and kidneys was significantly decreased, so was the 
uptake in the tumour, once again hampering therapeutic 
effects [42].

Yet another method is by reducing the perfusion or 
amount of PSMA delivered to the gland, thereby poten-
tially lowering both specific and non-specific uptake. 
One study using  [68Ga]Ga-PSMA PET, tested the hypoth-
esis that applying ice-packs externally, causing vaso-
constriction, could reduce perfusion to the glands and 
thereby reduce PSMA uptake; however, this showed very 
limited success [43]. This was repeated by another group 
in a therapeutic setting. Patients who received  [177Lu]Lu-
PSMA therapy with externally applied ice-packs under-
went post-therapy SPECT and planar scintigraphy scans, 
which confirmed that there was no protective effect [44]. 
Another study investigated the effect of injection of botu-
linum toxin into the parotid gland and found a significant 
reduction in  [68Ga]Ga-PSMA uptake on PET/CT [34]. 
The result was later attributed to a reduction in non-spe-
cific uptake [18, 45].

GPB, however, appears to have no effect on the spe-
cific or non-specific uptake of PSMA in the salivary 
glands. The clinical effect of GPB was apparent, as 
patients reported feeling a dry mouth for an extended 
period of time. A possible explanation for the lack of 
effect on uptake is that GPB, while reducing secretion 
of saliva, does not affect the delivery of PSMA ligands to 
the glands. Apparently, the inhibition of salivation and 
vasodilation does not induce a reduction in resting state 
perfusion of the salivary glands. PSMA-ligands that are 
bound to the receptor are not excreted by the glands into 
the saliva, irrespective of salivation activity. Altogether, 
the reduction in salivary secretion caused by GPB has no 
effect on PSMA uptake. We speculate that this suggests 
the mechanism behind the reduction in PSMA uptake 

Fig. 2 Control and intervention 123I planar scans of patient 4. An 
increase in uptake in the salivary glands is clearly visible on the 
intervention scan

Table 4 Uptake of 123I without and with premedication with GPB

Patient Salivary Glands (mean counts per pixel) Gastrointestinal (mean counts per pixel)

Control Intervention Change (%) Control Intervention Change (%)

1 7.57 7.74 2.3 7.27 6.95 − 4.5

2 7.10 8.35 17.6 12.76 12.80 0.3

3 11.05 15.84 43.4 13.75 12.42 − 9.7

4 8.66 15.29 76.6 12.04 13.98 16.1

Mean 8.60 11.81 37.4 11.46 11.54 0.7
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exhibited by the similarly anticholinergic-action of botu-
linum toxin, is largely specific in nature. The only tissue 
type that showed a statistically significant difference in 
uptake was the kidneys. The result was a 9% reduction in 
uptake on average, suggesting that any nephroprotective 
effect is quite limited.

Reducing the radiation dose of 131I to the salivary glands 
by using various interventions has been studied before; 
however these studies have yielded conflicting results 
[4]. Amifostine, a cytoprotective agent initially thought 
to be effective in reducing salivary gland toxicity, failed 
to do so in randomised controlled trials [46]. Pilocarpine, 
a parasympathomimetic that works preferentially on the 
salivary glands, also failed to show any protective effects 
[47]. Various sialagogues, like lemon juice, have also been 
tested, under the hypothesis that increasing salivation 
may also increase the secretion of radioiodine, thereby 
reducing its retention time in the salivary glands. Some 
studies demonstrated that this resulted in a reduction in 
uptake [24], while others found an unexpected increase, 
possibly due to a hypothesised increase in perfusion from 
stimulation [48, 49]. Our iodine study was conducted 
after the PSMA study was concluded. Despite the nega-
tive findings of the PSMA study, it was decided to test the 
effects of GPB on iodine uptake, since this is taken up by 
a different mechanism. The NIS is an active transporter 
and GPB may downregulate its action.

In our iodine study, all but one patient exhibited a con-
siderable increase in 123I accumulation in the salivary 
glands on the intervention scan. Unlike PSMA, iodine is 
excreted into the saliva by the glands. The reduction in 
saliva production caused by GPB, could lead to less of 
the accumulated 123I being excreted by the glands. If the 
perfusion of the glands and NIS transport are unaffected 
by GPB, the increase in 123I counts in the salivary glands 
after administration GPB could be explained by this 
reduced excretion by salivation. Since this effect would 
also result in more salivary gland toxicity during therapy, 
we therefore would strongly advise against attempting 
to use GPB to reduce salivary gland toxicity from 131I 
therapy.

The effect of GPB on the stomach and intestinal uptake 
of iodine was quantitatively insignificant (< 1%). Visually 
however, the activity on the intervention scans seemed to 
‘leak’ out of the stomach and spread more to the intes-
tines, explicable by a potential reduction in gastric tone 
which is influenced by cholinergic control [32, 50].

Conclusion
In conclusion, inhibition of salivation with the antimus-
carinic pharmaceutical GPB does not reduce uptake 
of PSMA-ligands or radioiodine in salivary glands, 
and therefore cannot be recommended as a means to 

reduce risk of xerostomia after PSMA ligand or 131I 
radionuclide therapies. Moreover, as demonstrated 
here, an intervention that may reduce toxicity in one 
type of RNT might produce the opposite effect for 
another. Hence, we recommend that protective strate-
gies borrowed from 131I therapy be tested first, before 
applying them on newer PSMA-ligand therapies and 
vice versa. The search for effective ways to reduce 
uptake and avoid salivary gland toxicity from RNTs will 
have to continue.

Abbreviations
225Ac: Actinium‑225; BCR: Biochemical recurrence; CT: Computed tomog‑
raphy; 68Ga: Gallium‑68 GPB: Glycopyrronium bromide; 123I: Iodine‑123; 131I: 
Iodine‑131; 177Lu: Lutetium‑177; RNT: Radionuclide therapy; ROI: Region of 
interest; NIS: Sodium iodide symporter; PET: Positron emission tomography; 2‑
PMPA: 2‑(Phosphonomethyl)pentanedioic acid; PSA: Prostate‑specific antigen; 
PSMA: Prostate‑specific membrane antigen; SUL: Standardised uptake value 
corrected for lean body mass; 99mTc: Technetium‑99 m; VOI: Volume of interest.

Acknowledgements
Not applicable.

Authors’ contributions
WVV, MT, AA‑M, EV and JJMAH contributed to the study conception and 
design. NMB, WVV, JJMAH, JPB and EV contributed to material preparation 
and data collection. Analysis was performed by VM. Interpretation of results 
and supervision of the analysis were done by WVV, J‑JS and JBK. The first draft 
of the manuscript was written by VM. The manuscript was critically read and 
feedback was provided by all authors. All authors read and approved the final 
version.

Funding
This work was supported by the Dutch Cancer Society KWF [Research Grant: 
10606/2016–2].

Availability of data and materials
The datasets generated and analysed for this work may be available from the 
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Both study protocols were approved by the Medical Ethics Committee of 
the Netherlands Cancer Institute (CCMO trial registration NL65680.031.18 
and NL66414.031.18). The studies were conducted in accordance with the 
Declaration of Helsinki. Written and oral informed consent was obtained from 
all individual participants included in the study.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Radiation Oncology, The Netherlands Cancer Institute, Ples‑
manlaan 121, Amsterdam 1066 CX, The Netherlands. 2 Department of Nuclear 
Medicine, The Netherlands Cancer Institute, Amsterdam, The Netherlands. 
3 Department of Medical Oncology, The Netherlands Cancer Institute, Amster‑
dam, The Netherlands. 4 Department of Radiology and Nuclear Medicine, 
Erasmus University Medical Center, Rotterdam, The Netherlands. 5 Department 
of Pharmacy and Pharmacology, The Netherlands Cancer Institute, Amster‑
dam, The Netherlands. 



Page 8 of 9Mohan et al. EJNMMI Res           (2021) 11:25 

Received: 22 January 2021   Accepted: 3 March 2021

References
 1. Mandel SJ, Mandel L. Radioactive iodine and the salivary glands. Thyroid. 

2003;13:265–71.
 2. Clement SC, Peeters RP, Ronckers CM, Links TP, Van Den Heuvel‑Eibrink 

MM, Nieveen Van Dijkum EJM, et al. Intermediate and long‑term adverse 
effects of radioiodine therapy for differentiated thyroid carcinoma—
a systematic review. Cancer Treat Rev. 2015;41:925–34. https ://doi.
org/10.1016/j.ctrv.2015.09.001.

 3. Hesselink ENK, Brouwers AH, De Jong JR, Van Der Horst‑Schrivers ANA, 
Coppes RP, Lefrandt JD, et al. Effects of radioiodine treatment on salivary 
gland function in patients with differentiated thyroid carcinoma: a 
prospective study. J Nucl Med. 2016;57:1685–91. https ://doi.org/10.2967/
jnume d.115.16988 8.

 4. Sunavala‑Dossabhoy G. Radioactive iodine: An unappreciated threat to 
salivary gland function. Oral Dis. 2018;24:198–201.

 5. Rahbar K, Ahmadzadehfar H, Kratochwil C, Haberkorn U, Schafers M, 
Essler M, et al. German multicenter study investigating 177Lu‑PSMA‑617 
Radioligand therapy in advanced prostate cancer patients. J Nucl Med. 
2017;58:85–90.

 6. Kratochwil C, Giesel FL, Stefanova M, Benesova M, Bronzel M, Afshar‑
Oromieh A, et al. PSMA‑targeted radionuclide therapy of metastatic 
castration‑resistant prostate cancer with 177Lu‑Labeled PSMA‑617. J Nucl 
Med. 2016;57:1170–6. https ://doi.org/10.2967/jnume d.115.17139 7.

 7. Kratochwil C, Schmidt K, Afshar‑Oromieh A, Bruchertseifer F, Rathke 
H, Morgenstern A, et al. Targeted alpha therapy of mCRPC: dosimetry 
estimate of 213Bismuth‑PSMA‑617. Eur J Nucl Med Mol Imaging. 
2018;45:31–7.

 8. Kratochwil C, Bruchertseifer F, Rathke H, Bronzel M, Apostolidis C, 
Weichert W, et al. Targeted a‑therapy of metastatic castration‑resistant 
prostate cancer with 225Ac‑PSMA‑617: Dosimetry estimate and empiric 
dose finding. J Nucl Med. 2017;58:1624–31. https ://doi.org/10.2967/
jnume d.117.19139 5.

 9. Emmett L, Willowson K, Violet J, Shin J, Blanksby A, Lee J. Lutetium 177 
PSMA radionuclide therapy for men with prostate cancer: a review of the 
current literature and discussion of practical aspects of therapy. J Med 
Radiat Sci. 2017;64:52–60.

 10. Ruigrok EAM, Van Weerden WM, Nonnekens J, De Jong M. The future of 
PSMA‑targeted radionuclide therapy: an overview of recent preclinical 
research. Pharmaceutics. 2019;11:560.

 11. La Perle KMD, Kim DC, Hall NC, Bobbey A, Shen DH, Nagy RS, et al. 
Modulation of sodium/iodide symporter expression in the salivary gland. 
Thyroid. 2013;23:1029–36.

 12. Wolf P, Freudenberg N, Bühler P, Alt K, Schultze‑Seemann W, Wetterauer 
U, et al. Three conformational antibodies specific for different PSMA 
epitopes are promising diagnostic and therapeutic tools for prostate 
cancer. Prostate. 2010;70:562–9.

 13. Trover JK, Beckett ML, Wright GL. Detection and characterization of the 
prostate‑specific membrane antigen (PSMA) in tissue extracts and body 
fluids. Int J Cancer. 1995;62:552–8.

 14. Israeli RS, Powell CT, Corr JG, Fair WR, Heston WDW. Expression of the 
prostate‑specific membrane antigen. Cancer Res. 1994;54:1807–11.

 15. Kinoshita Y, Kuratsukuri K, Landas S, Imaida K, Rovito PM, Wang CY, et al. 
Expression of prostate‑specific membrane antigen in normal and malig‑
nant human tissues. World J Surg. 2006;30:628–36.

 16. Mhawech‑Fauceglia P, Zhang S, Terracciano L, Sauter G, Chadhuri A, 
Herrmann FR, et al. Prostate‑specific membrane antigen (PSMA) protein 
expression in normal and neoplastic tissues and its sensitivity and 
specificity in prostate adenocarcinoma: an immunohistochemical study 
using mutiple tumour tissue microarray technique. Histopathology. 
2007;50:472–83.

 17. Valstar MH, de Bakker BS, Steenbakkers RJHM, de Jong KH, Smit LA, Klein 
Nulent TJW, et al. The tubarial salivary glands: a potential new organ at 
risk for radiotherapy. Radiother Oncol. 2020. https ://doi.org/10.1016/j.
radon c.2020.09.034.

 18. Rupp NJ, Umbricht CA, Pizzuto DA, Lenggenhager D, Töpfer A, Mül‑
ler J, et al. First clinicopathologic evidence of a non‑PSMA‑related 

uptake mechanism for 68Ga‑PSMA‑11 in salivary glands. J Nucl Med. 
2019;60:1270–6.

 19. Tönnesmann R, Meyer PT, Eder M, Baranski AC. [177 Lu]Lu‑PSMA‑617 sali‑
vary gland uptake characterized by quantitative in vitro autoradiography. 
Pharmaceuticals. 2019;12:1–9.

 20. Kratochwil C, Bruchertseifer F, Rathke H, Hohenfellner M, Giesel FL, Haber‑
korn U, et al. Targeted a‑therapy of metastatic castration‑resistant pros‑
tate cancer with 225 Ac‑PSMA‑617: swimmer‑plot analysis suggests effi‑
cacy regarding duration of tumor control. J Nucl Med. 2018;59:795–802.

 21. Prasad V, Steffen IG, Diederichs G, Makowski MR, Wust P, Brenner W. 
Biodistribution of [68Ga]PSMA‑HBED‑CC in patients with prostate 
cancer: characterization of uptake in normal organs and tumour lesions. 
Mol Imaging Biol. 2016;18:428–36. https ://doi.org/10.1007/s1130 
7‑016‑0945‑x.

 22. Demirci E, Sahin OE, Ocak M, Akovali B, Nematyazar J, Kabasakal L. Normal 
distribution pattern and physiological variants of 68Ga‑PSMA‑11 PET/CT 
imaging. Nucl Med Commun. 2016;37:1169–79.

 23. Klein Nulent TJW, Valstar MH, de Keizer B, Willems SM, Smit LA, Al‑Mam‑
gani A, et al. Physiologic distribution of PSMA‑ligand in salivary glands 
and seromucous glands of the head and neck on PET/CT. Oral Surg Oral 
Med Oral Pathol Oral Radiol. 2018;125:478–86.

 24. Kulkarni K, Van Nostrand D, Atkins F, Mete M, Wexler J, Wartofsky L. Does 
lemon juice increase radioiodine reaccumulation within the parotid 
glands more than if lemon juice is not administered? Nucl Med Commun. 
2014;35:210–6.

 25. Raza H, Khan AU, Hameed A, Khan A. Quantitative evaluation of salivary 
gland dysfunction after radioiodine therapy using salivary gland scintig‑
raphy. Nucl Med Commun. 2006;27:495–9.

 26. Jeong SY, Kim HW, Lee SW, Ahn BC, Lee J. Salivary gland function 5 years 
after radioactive iodine ablation in patients with differentiated thyroid 
cancer: Direct comparison of pre‑ and postablation scintigraphies and 
their relation to xerostomia symptoms. Thyroid. 2013;23:609–16.

 27. Corrêa LG, Moriguchi SM, Boldrini É, de Carvalho AL, Guerreiro Fregnani 
JHT, da Rocha ET. Evaluation of quality of life related to I‑131 therapy in 
patients with well‑differentiated thyroid cancer and emphasis in salivary 
morbidity: a follow up study after treatment. Adv Biosci Biotechnol. 
2014;05:409–17.

 28. Reid SM, Westbury C, Guzys AT, Reddihough DS. Anticholinergic medica‑
tions for reducing drooling in children with developmental disability. Dev 
Med Child Neurol. 2020;62:346–53.

 29. Proctor GB, Carpenter GH. Regulation of salivary gland function by auto‑
nomic nerves. Auton Neurosci Basic Clin. 2007;133:3–18.

 30. Haddad EB, Patel H, Keeling JE, Yacoub MH, Barnes PJ, Belvisi MG. 
Pharmacological characterization of the muscarinic receptor antago‑
nist, glycopyrrolate, in human and guinea‑pig airways. Br J Pharmacol. 
1999;127:413–20.

 31. Ryberg AT, Warfvinge G, Axelsson L, Soukup O, Götrick B, Tobin G. Expres‑
sion of muscarinic receptor subtypes in salivary glands of rats, sheep and 
man. Arch Oral Biol. 2008;53:66–74.

 32. Tobin G, Giglio D, Lundgren O. Muscarinic receptor subtypes in the 
alimentary tract. J Physiol Pharmacol. 2009;60:3–21.

 33. Mirakhur R, Dundee J, Jones C. Evaluation of the anticholinergic actions 
of glycopyrronium bromide. Br J Clin Pharmacol. 1978;5:77–84.

 34. Baum RP, Langbein T, Singh A, Shahinfar M, Schuchardt C, Volk GF, et al. 
Injection of botulinum toxin for preventing salivary gland toxicity after 
PSMA radioligand therapy: an empirical proof of a promising concept. 
Nucl Med Mol Imaging. 2010;2018(52):80–1.

 35. James WPT. Research on obesity. Nutr Bull. 1977. https ://doi.
org/10.1111/j.1467‑3010.1977.tb009 66.x.

 36. Li X, Rowe SP, Leal JP, Gorin MA, Allaf ME, Ross AE, et al. Semiquantitative 
parameters in PSMA‑targeted PET imaging with 18F‑DCFPyL: variability in 
normal‑organ uptake. J Nucl Med. 2017;58:942–6.

 37. Kratochwil C, Giesel FL, Leotta K, Eder M, Hoppe‑Tich T, Youssoufian H, 
et al. PMPA for nephroprotection in PSMA‑targeted radionuclide therapy 
of prostate cancer. J Nucl Med. 2015;56:293–8.

 38. Chatalic KLS, Heskamp S, Konijnenberg M, Molkenboer‑Kuenen JDM, 
Franssen GM, Clahsen‑van Groningen MC, et al. Towards personal‑
ized treatment of prostate cancer: PSMA I&T, a promising prostate‑
specific membrane antigen‑targeted theranostic agent. Theranostics. 
2016;6:849–61.

https://doi.org/10.1016/j.ctrv.2015.09.001
https://doi.org/10.1016/j.ctrv.2015.09.001
https://doi.org/10.2967/jnumed.115.169888
https://doi.org/10.2967/jnumed.115.169888
https://doi.org/10.2967/jnumed.115.171397
https://doi.org/10.2967/jnumed.117.191395
https://doi.org/10.2967/jnumed.117.191395
https://doi.org/10.1016/j.radonc.2020.09.034
https://doi.org/10.1016/j.radonc.2020.09.034
https://doi.org/10.1007/s11307-016-0945-x
https://doi.org/10.1007/s11307-016-0945-x
https://doi.org/10.1111/j.1467-3010.1977.tb00966.x
https://doi.org/10.1111/j.1467-3010.1977.tb00966.x


Page 9 of 9Mohan et al. EJNMMI Res           (2021) 11:25  

 39. Paganelli G, Sarnelli A, Severi S, Sansovini M, Belli ML, Monti M, et al. 
Dosimetry and safety of 177Lu PSMA‑617 along with polyglutamate 
parotid gland protector: preliminary results in metastatic castration‑
resistant prostate cancer patients. Eur J Nucl Med Mol Imaging. 
2020;47:3008–17.

 40. Kalidindi TM, Lee SG, Jou K, Chakraborty G, Skafida M, Tagawa ST, et al. A 
simple strategy to reduce the salivary gland and kidney uptake of PSMA‑
targeting small molecule radiopharmaceuticals. Eur J Nucl Med Mol 
Imaging. 2021;

 41. Rousseau E, Lau J, Kuo HT, Zhang Z, Merkens H, Hundal‑Jabal N, et al. 
Monosodium glutamate reduces 68Ga‑PSMA‑11 uptake in salivary 
glands and kidneys in a preclinical prostate cancer model. J Nucl Med. 
2018;59:1865–8.

 42. Harsini S, Saprunoff H, Alden T, Mohammadi B, Wilson D, Bénard F. The 
effects of monosodium glutamate on PSMA radiotracer uptake in men 
with recurrent prostate cancer: a prospective, randomized, double‑
blind, placebo‑controlled intraindividual imaging study. J Nucl Med. 
2021;62:81–7.

 43. van Kalmthout LWM, Lam MGEH, de Keizer B, Krijger GC, Ververs TFT, de 
Roos R, et al. Impact of external cooling with icepacks on 68Ga‑PSMA 
uptake in salivary glands. EJNMMI Res. 2018;8.

 44. Yilmaz B, Nisli S, Ergul N, Gursu RU, Acikgoz O, Cxermik TF. Effect of exter‑
nal cooling on 177Lu‑PSMA uptake by the parotid glands. J Nucl Med. 
2019;60:1388–93.

 45. Langbein T, Chaussé G, Baum RP. Salivary gland toxicity of PSMA 
radioligand therapy: relevance and preventive strategies. J Nucl Med. 
2018;59:1172–3.

 46. Ma C, Xie J, Jiang Z, Wang G, Zuo S. Does amifostine have radioprotective 
effects on salivary glands in high‑dose radioactive iodine‑treated dif‑
ferentiated thyroid cancer. Eur J Nucl Med Mol Imaging. 2010;37:1778–85.

 47. Haghighatafshar M, Ghaedian M, Etemadi Z, Entezarmahdi SM, Ghaedian 
T. Pilocarpine effect on dose rate of salivary gland in differentiated 
thyroid carcinoma patients treated with radioiodine. Nucl Med Commun. 
2018;39:430–4.

 48. Nakada K, Ishibashi T, Takei T, Hirata K, Shinohara K, Katoh S, et al. Does 
lemon candy decrease salivary gland damage after radioiodine therapy 
for thyroid cancer? J Nucl Med. 2005;46:261–6.

 49. Jentzen W, Balschuweit D, Schmitz J, Freudenberg L, Eising E, Hilbel T, 
et al. The influence of saliva flow stimulation on the absorbed radia‑
tion dose to the salivary glands during radioiodine therapy of thyroid 
cancer using 124I PET(/CT) imaging. Eur J Nucl Med Mol Imaging. 
2010;37:2298–306.

 50. Lidums I, Hebbard GS, Holloway RH. Effect of atropine on proximal gastric 
motor and sensory function in normal subjects. Gut. 2000;47:30–6.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Muscarinic inhibition of salivary glands with glycopyrronium bromide does not reduce the uptake of PSMA-ligands or radioiodine
	Abstract 
	Rationale: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Salivary gland toxicity after radionuclide therapy
	Development of strategies to reduce this toxicity
	GPB to reduce uptake

	Methods
	Effect of GPB on PSMA-ligand uptake
	Study population
	Study procedure and image acquisition
	Image analysis
	Statistical analysis

	Effect of GPB on iodine uptake
	Study population
	Study procedure and image acquisition
	Image analysis
	Statistical analysis


	Results
	Effect of GPB on PSMA-ligand uptake
	Demographics

	PETCT data
	Effect of GPB on iodine uptake
	Demographics
	Scintigraphy data


	Discussion
	Conclusion
	Acknowledgements
	References


