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Background and purpose: Xerostomia remains a common side effect of radiotherapy (RT) for patients with
head and neck (H&N) cancer despite advancements in treatment planning and delivery. Secretory sali-
vary gland cells express the prostate-specific membrane antigen (PSMA), and show significant uptake
on PET scans using °®Ga/'®F-PSMA-ligands. We aimed to objectively quantify the dose-response of sali-
vary glands to RT using PSMA PET.

Methods and materials: 28H&N cancer patients received RT with 70 Gy in 35 fractions over 7 weeks. PSMA
PET/CT was acquired at baseline (BL), during treatment (DT) and at 1-&6-months post-treatment (PTiwm/
PTem). Dose, BL- PTyy- and PTgm-SUV were extracted for every voxel inside each parotid (PG) and sub-
mandibular (SMG) gland. The PTyyeu data was analysed using a generalised linear mixed effects
model. Patient-reported xerostomia and DT-PSMA loss was also analysed.

Keywords:
Head-and-neck cancer
Dose response
Salivary glands

Toxicity
PET Results: Dose had a relative effect on BL SUV. For a population average gland (BL-SUV of 10), every 1 Gy
PSMA increment, decreased the PTyu/PTem-SUV by 1.6 %/1.6 % for PGs and by 0.9 %/1.8 % for SMGs. TDsq of the

population curves was 26.5/31.3 Gy for PGs, and 22.9/27.8 Gy for SMGs at PTyy [PTgy. PSMA loss corre-

lated well with patient-reported xerostomia at DT/PT;y (Spearman’s p = -0.64, —0.50).

Conclusion: A strong relationship was demonstrated between radiation dose and loss of secretory cells in

salivary glands derived using PSMA PET/CT. The population curve could potentially be used as a dose

planning objective, by maximising the predicted post-treatment SUV. BL scans could be used to further

tailor this to individual patients.

© 2022 The Authors. Published by Elsevier B.V. Radiotherapy and Oncology 177 (2022) 164-171 This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Salivary gland toxicity, and its manifestation as xerostomia or physician rated scores, and %™Tc scintigraphy|[3]. These tech-

the subjective feeling of a dry mouth, is a common side effect in
head and neck (H&N) cancer patients treated with radiation and
can result in serious detriment in the quality of life. Despite
advancements in parotid gland (PG) sparing, patient reported
xerostomia remains high[1,2]. Salivary gland toxicity has classi-
cally been assessed with sialometry or salivary gland flow rates,

Abbreviations: BL, Baseline; CT, Computed tomography; DT, During treatment;
EBRT, External beam radiotherapy; FDG, fluoro-2-deoxyglucose; GRIX, Groningen
radiotherapy-induced xerostomia; H&N, Head and neck; PET, Positron emission
tomography; PG, Parotid gland; PSMA, Prostate-specific membrane antigen;
PTimjem. 1/6-month(s) post-treatment; RT, Radiotherapy: SMG, Submandibular
gland; SUV, Standardized uptake value.

* Corresponding author at: Departments of Nuclear Medicine and Radiation
Oncology, The Netherlands Cancer Institute, Plesmanlaan 121, 1066 CX Amsterdam,
the Netherlands.

E-mail address: w.vogel@nki.nl (W.V. Vogel).
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niques are often subjective in nature, lack spatial information, suf-
fer from poor repeatability or are found to correlate poorly with
the patient’s experience of xerostomia[4-7]. Current recom-
mended dose constraints for PGs and submandibular glands
(SMGs) are derived from studies that employed the aforemen-
tioned techniques|8,9]. However, in clinical practice these con-
straints are often overridden to achieve sufficient target
coverage. In order to predict and assess xerostomia at various dose
levels, a more objective measurement method and granular dose-
response model are required.

The secretory cells of salivary glands express the prostate-
specific membrane antigen (PSMA) and exhibit substantial uptake
on positron emission tomography/computed tomography (PET/CT)
scans of diagnostic PSMA ligands (usually labelled with ®Ga or 'F)
|10]. These PET tracers are highly sensitive and specific, and are
typically used in the staging of prostate cancer. Recently, it was

1is is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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demonstrated that salivary gland tissue that is damaged by radio-
therapy (RT) loses its ability to take up PSMA-ligands.[11]. By vir-
tue of directly measuring this local loss of signal in 3D with high
contrast and relatively high resolution, PSMA PET is potentially a
strong candidate for objective and quantitative dose-response
assessment.

The primary purpose of this work was to derive and model the
post-treatment dose-response of PGs and SMGs to radiation using
PSMA PET. The secondary objective was to correlate PSMA uptake
changes with patient reported xerostomia, and explore at what
stage during treatment PSMA loss becomes apparent.

Methods

The Medical Ethics Committee of the Netherlands Cancer Insti-
tute (CCMO trial registration NL60569.031.17) approved the study
protocol. The study was conducted in accordance with the Declara-
tion of Helsinki. Written and oral informed consent was obtained
from all patients prior to study entry.

Patients

The prospective study included 30 patients with head and neck
cancer treated in The Netherlands between 2017 and 2021 from 3
centres (Netherlands Cancer Institute, University Medical Center
Groningen, and University Medical Center Utrecht). Eligibility cri-
teria included patients newly diagnosed with head and neck squa-
mous cell carcinomas (¢Tx-4 NO-3 MO0) and accepted for primary or
postoperative radiotherapy. The treatment regimen to be followed
was conventionally fractionated external beam (photon or proton)
radiotherapy (EBRT) with curative intent, delivered in 35 fractions
of 2 Gy in 6-7 weeks. Patients receiving concurrent chemoradio-
therapy were also to be included.

Data acquisition

Patients received PSMA PET/CT scans at 4 time points; at base-
line (BL) a few days before treatment commenced, at a variable
time point between week 2 and 7 during treatment (DT), 1-
month post-treatment (PT;y), and 6-month post-treatment
(PTgm). Patients were scanned with either [*3Ga]Ga-PSMA-11 or
['8F]F-PSMA-1007as the PET tracer. At each time point, patients
were asked to fill in the Groningen Radiotherapy-Induced Xerosto-
mia (GRIX) questionnaire[12]. For each patient, tracer choice and
PET scanner were fixed across all time points. Each institute used
EARL accredited PET scanners. The image acquisition procedure
was identical at each time point and is described as follows.

Patients were adequately hydrated, followed by intravenous
administration of 50 MBq [*®Ga]Ga-PSMA or 100 MBq ['®F]F-
PSMA. After an incubation time of 45-60 minutes patients were
positioned in the PET scanner in treatment position using their
immobilization masks. A low-dose CT scan of the head and neck
region was acquired with 1-2 mm slices. A PET scan of the same
region was acquired in 4-12 minutes for 1-2 bed positions accord-
ing to scanner characteristics from different centres. The scan was
reconstructed iteratively to 2x2x2 mm’ voxels with attenuation
correction according to EARL specifications. The DT, PT;y and
PTeym PET scans were normalised to the BL scan by measuring the
SUV mean in the muscles at the back of the neck.

Data analysis

The planning CT (pCT) acquired for radiotherapy served as the
reference anatomy for each patient. The CT scan of the PET/CT of
ach time point was first rigidly and then deformably registered
) the pCT using a validated, in-house developed, cubic B-spline
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deformable registration algorithm[13]. This was done separately
for each individual PG and SMG by using the associated delineation
as a mask for the registration. The resulting deformation vector
field was subsequently applied to the PET scan, which was then
resampled to the 3x3x3 mm® grid of the RT dose field. To ensure
conservation of the total PET signal within the gland before and
after undergoing the deformation, each voxel’s value was divided
by the Jacobian determinant of the deformation vector at that
voxel (which represents the change in volume of the voxel). The
SUV of each voxel at each time point, as well as the physical dose
it was planned to received, was extracted for each gland of each
patient. In the case of replanning during treatment, the new dose
field was deformed to the anatomy of the original pCT and aver-
aged with the original dose proportional to the number of fractions
delivered with each plan. For proton therapy dose fields, a constant
relative biological effectiveness of 1.1 was assumed.

Statistical analysis

Statistical analysis was done using R v4.1.1| 14 . Generalised lin-
ear mixed effects models of the relationship between PT;y/PTgm
SUV, dose, and BL SUV were created using the Ime4 package|15].
Graphical plots were generated using the ggplot2 and interactions
package[16,17]. By using a mixed effects model, correlations
between multiple repeated measurements (voxels) from each
patient were accounted for. Dose and BL SUV were centred at
25 Gy and 10 SUV (for better interpretability of coefficients) and
entered as fixed effects, along with an interaction term between
them. The model was fit with full random effects, thus allowing
the intercept and the coefficient of each term to vary per patient
within a normal distribution centred on the population coefficient
estimate. A log link function was chosen to fit the shape of the data
and constrain the predicted output, and a gaussian variance struc-
ture was assumed for the response. Four models were generated,
one for each gland type (PG and SMG) and time point (PTy and
PTenm). Statistical significance of covariates was determined using

Table 1
Patient characteristics.
No. of Patients 28
Age (Years)
Median 63
Range 47 - 81
Sex
Male 23
Female 5
Site
Hypopharynx 2
Larynx 2
Oral Cavity 5
Oropharynx 14
Supraglottic 3
Unknown 2
T Stage
T0 2
T1 6
T2 7
T3 10
T4 3
Systemic Therapy
Concurrent 12
Only RT 16
Treatment
Photons 23
Protons 5
PET Tracer
%8Ga 22
18 6
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Fig. 1. (a) Baseline and 1-month post-treatment PET scans and dose distribution overlaid on the planning CT of patient 1. The regions of the parotid glands that received
higher dose exhibit the greatest loss of signal. (b) Baseline SUV, 1-month post-treatment SUV and dose of each voxel, depicted as individual points, from patient 1’s parotid

glands. The slope appears increasingly negative at higher levels of baseline SUV.

likelihood ratio tests conducted against reduced models without
the covariate in question. In general, defining a coefficient of deter-
mination (R?) for these types of models is not straightforward. The
R? values reported here were computed by comparing residual
variance of the full model against the residual variance of a fixed
intercept-only model[18]. To allow comparisons to other models
in literature, we calculate the dose at which the post-treatment
SUV reaches 50 % of its original baseline value (TDsg).

For the DT timepoint analysis, patients were divided into 3
groups based on which week of the treatment the DT scan was
made; Group 1 (week 2-3), Group 2 (week 4-5), Group 3 (week
6-7). The relative change (A.¢) in total PSMA uptake of all glands
(SUV{o) from BL was calculated for each group. A more in-depth
analysis and discussion of the DT timepoint is available in the sup-
plementary material.

The change in the dry mouth related GRIX questionnaire scores
(questions 1-9), as well as relative change in SUVy, of all glands
from BL to DT, PTy and PTgy were derived for each patient. Spear-
man's p was then calculated between the AGRIX scores and

retSUVior
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Results

Two patients were unevaluable due to incomplete scans and
incorrect PET reconstruction protocol. Of the 28 evaluable patients,
18 were from the Netherlands Cancer Institute, 7 from the Univer-
sity Medical Center Groningen, and 3 from the University Medical
Center Utrecht. Twenty-two patients were scanned with [®®Ga]Ga-
PSMA and 6 with ['®F]F-PSMA. Twenty-three patients were treated
with volumetric modulated arc therapy and 5 with intensity mod-
ulated proton therapy. Three patients underwent replanning dur-
ing treatment. Twelve patients received concurrent systemic
therapy (9 cisplatin, 2 cetuximab and 1 olaparib). A summary of
patient characteristics can be found in Table 1, and a detailed ver-
sion can be found in Suppl. Table I. The average BL SUV and mean
dose for all 28 patients was 9.9 and 23.7 Gy for PGs, and 10.8 and
51.4 Gy for SMGs respectively. The median and interquartile range
(IQR) of the normalisation factors were 0.99 (0.94-1.02) for the DT
scans, 0.93 (0.88-0.96) for PT1y and 0.95 (0.91-1.00) for PTep. Ele-
ven patients were assigned to Group 1, 10 to Group 2, and 7 to
Group 3 based on their DT scan.
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g Of the 28 patients evaluated, 1 missed their DT scan (from
g | § % § § Group 2), 2 missed their PT,y scans, and 5 others missed their
E PTsnm scans and were thus excluded from the respective analyses/-
g Y models. One patient’s left PG (from Group 3) was fully excluded
< & from the dose response analysis due to its PSMA uptake on the
S 2 - o BL scan diffusing into the nearby tumour. Seven SMGs from 4
E % 2233 patients were also excluded from the PTgy model either due to
2 oSS o these glands being resected prior to the PTgy scan or due to
z: o — 1h o0 implausible registration results. Despite missing their scans, GRIX
g - § § § § questionnaire scores were still available for some patients at the
g nlocs s o timepoint in question. GRIX questionnaires were unavailable for 1
E e patient at baseline, 2 at DT, 3 at PTy and 2 at PTgy. Descriptive
= S88s statistics for SUV,, excluded patients with missed scans and inel-
a Z|8|ssss igible glands. Patients who missed scans or had ineligible glands,
é g ol or had missing GRIX scores were excluded from the calculation of
% g 3 g % % % Spearman’s p. ‘ ) _
e g ElEEEE BL a_nd PTim PSMA PET scan of patl‘ent- 1, along with their
£ SHE respective dose distribution can be seen in Fig. 1a. The voxel data
g o once extracted from these scans can be represented graphically,
g 3 as seen in Fig. 1b.
g = The estimated population coefficients/fixed effects for each of
7] = . .
5 2oy the models are shown in Table 2. The coefficients, once exponen-
3 glaaaq tiated and on the response scale, can each be interpreted individ-
E ually by setting the other variables to the shifted zero. For
E o g g § § example, assuming a BL SUV of 10 (which is approximately the
o hlescas population average for PGs and SMGs) and a dose of 25 Gy, the
3 - predicted PTy SUV of a PG voxel is 5.12, which is the intercept.
_§ % § § § § Assuming a BL SUV of 10, for every increase in 1 Gy the PTy
g SUV of a PG voxel decreases by 1.6 %. Assuming a dose of
o - 25 Gy, an increment in BL SUV of 1, increases the PTyy SUV of a
g % Al2282 PG voxel by 8.1 %. The magnitude of the interaction terms is near
g g g Soco negligible in most cases and is only relevant at high values of dose
= = and BL SUV. If for example, the BL SUV of a voxel is 15 and the
= - 8 dose it receives is 35 Gy, the interaction term reduces the pre-
,‘Qi L{:> § dicted PT;y SUV of a PG voxel by merely 0.15. Treatment modal-
i”é g P = ity and systemic therapy were tested as fixed effects for each of
2 FE3EE = the models but were found to have no significant effect (p = 0.
% = R = 1-0.9).
s 2Tnd EJ The 4 models are represented graphically in Fig. 2. The expo-
g =) § = § é S nential decay is noticeably steeper at higher levels of BL SUV.
= 3 The TDsq of PGs is 26.5 Gy at PTyyy and 31.3 Gy at PTgy assuming
2 - 3885 | = a BL SUV of 10. For SMGs this is at 22.9 Gy for PT;y and 27.8 Gy at
= |£|8|s333 | X PTew (and 21 Gy and 27.2 Gy at the SMG mean BL SUV of ~ 11).
= ; o & An overlaid comparison of all 4 models is presented in Suppl.
%’; IR g Figs. 1a-c. The PT; SMG response exhibited a lower intercept
g ‘S :é) E g E § = and a shallower decay curve than the other 3 models. Although
- 2|l3|ssss | T the models were fitted to slightly different patient cohorts, the
éz, ° S difference between the PTyy and PTgy SMG response persisted
Z g 5 i when fitted to a common reduced dataset (Suppl. Fig. 1d).
E 9 © s The estimated SDs of the interpatient variation (random
= §_ N % é effects) are reported in Table 2 and a plot of the random effects
= g saad = = for all patients can be found in Suppl. Fig. 2a-d. As an example,
%" E ) at PTyy for PGs, at a BL SUV of 10 and dose of 25 Gy, we expect
= alRERg |+ = 95 % of the predicted SUV of all patients to range from 2.5 -
5 ceeee f E 10.7 (variation in intercept from Table 2). Similarly, the 95 %
% NEEEE g‘é range of the effect of an increment of 1 BL SUV was from 2.4 -
o | FESES =% 14.2 %, and of 1 Gy was from 0 — 3.5 %. Patient-specific coeffi-
= g 4 = E, cients for dose were fairly negatively correlated with their inter-
E Bl= BE cepts, implying that patients with shallow/flat dose-response
o | v =3
2 ilz|ocog |2 curves still exhibited large amounts of PSMA loss even in low
‘g ElS[ == 2“7:;,' dose regions. The median (IQR) TDsg for individual patients was
2 o | 2a 27.8 Gy (20.1-34.9) and 32.2 Gy (21.2-41.8) for PGs at PTyy
g _ vuz= |23 and PTgy, and 31.4 Gy (4.3-42.5) and 28.5 Gy (16.6 - 34.5) for
:: é 4 § zZ 2=z % % SMGs at PTyy and PTgy respectively. Individual patient-specific
E EJ 'E: = EEEE “ES a fits from the 4 models with BL SUV held at each patient’s gland

167



Salivary gland dose response modelling using PSMA PET

PTyy Parotid Gland Population Dose Response PTgy Parotid Gland Population Dose Response

Baseline SUV

-_—

-_— 10

Response SUV
Response SUV

-_— 6

o 20 40 60 80 0 20 40 60 80
Dose (Gy) Dose (Gy)

PTyy Submandibular Gland Population Dose Response PTg4 Submandibular Gland Population Dose Response

Baseline SUV
— 14

-_— 10

Response SUV
Response SUV
3

-6

o 20 40 60 80 0 20 40 60 80
Dose (Gy) Dose (Gy)

Fig. 2. Population dose response curves for the parotid and submandibular glands at 1 and 6-months post-treatment, plotted for baseline SUV values of 6, 10 and 14 and with
their respective 95% confidence intervals. Individual dots represent voxels from all patients and the colour gradient represents baseline SUV.
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Fig. 3. Patient-specific curves for all glands and time points, plotted at each patient’s gland type’s baseline SUVmean.
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specific SUVean can be seen in Fig. 3. The adjusted intraclass cor-
relation coefficient for the models was between 0.07-0.09.

Patient-specific plots with BL SUV at each patient’s SUVean £ 1
SD can be seen in Suppl. Fig. 3a-d. Differences between population
and patient-specific fits for each patient, with BL SUV at each
patient’s SUV ,,ean are shown in Suppl. Fig. 4a-d.

The median A;eSUVi, from BL to DT was —0.30 (n = 11) for
Group 1, —0.32 (n = 9) for Group 2, and —-0.41 (n = 6) for Group
3. Dose response analysis and discussion for the DT timepoint
can be found in supplementary material.

On a scale of 0-100, the median (IQR) GRIX dry mouth score
was 3.7 (0-13.9, n = 27) at baseline, 29.6 (18.5-51.9, n = 26) at
DT, 37.0 (13.9-60.2, n = 25) at PT;y and 33.3 (18.5-44.4, n = 26)
at PTgy. Spearman’s p between AGRIX scores and A;eSUV, was
—0.64 (n = 26, p < 0.01) at DT, —0.50 (n = 22, p = 0.02) at PTim
and —-0.28 (n = 19, p = 0.09) at PTgy. When comparing AGRIX
scores with A SUVy, of PGs only this was —0.64 (n = 26,
p < 0.01) at DT, —0.42 (n = 22, p = 0.05) at PT; and —0.35 at
PTem (n = 19, p = 0.14). For SMGs only this was —0.63 (n = 26,
p < 0.01), 055 (n = 22, p < 0.01) at PT;y and -0.25 (n = 19,
p = 0.30) and PTgy. Comparing the mean dose to the glands with
the scores, Spearman’s p ranges from 0.10-0.33 (p > 0.14). Baseline
PSMA SUV,,, did not correlate with baseline GRIX scores.

Discussion

To our knowledge this is the first time the dose response for loss
of secretory cells in PGs and SMGs to EBRT has been characterised
using PSMA PET/CT. The dose response at the 1-month and 6-
months post-treatment followed a log decay curve with dose hav-
ing a relative effect on baseline SUV. Substantial PSMA loss was
measurable in the second week of RT already. PSMA loss correlated
well with patient-reported xerostomia initially but weakened over
time.

Efforts to assess the dose-response of salivary glands using PET
have been reported previously. Buus et al.[19] explored the use of
dynamic [''C]methionine PET, a tracer that measures protein syn-
thesis as a marker of functional cells, to derive the dose response of
PGs in 12H&N cancer patients at the voxel level; an approach sim-
ilar to this study. They modelled the post-treatment PET response
voxels and planned dose distribution using a sigmoid curve and
arrived at a population TDsq of 30 Gy and threshold dose of
16 Gy. Similarly, they also found significant variation between
patients (individual patient TDso ranged from 7-50 Gy). They how-
ever did not make use of a pre-treatment PET, without which the
sensitivity of different baseline levels of functional activity to dose
could not be characterised. The patients also received their scans at
variable time points between 8-54 months after RT. Moreover,
dynamic PET with [!'C]methionine is comparatively laborious
and complex in part due to invasive blood sampling and the short
half-life of ''C.

Several studies have investigated the effect of dose on uptake of
the ubiquitous tracer, ['®F]fluoro-2-deoxyglucose (FDG). Roach
et al.[20] reported that SUV ¢, decreased linearly, and SUV ., sig-
moidally in PGs as a function of mean dose. Cannon et al.[21]
investigated this relationship further on a voxel level, and also
noted the moderating effect of baseline SUV on the effect of dose,
by using SUV-weighted dose in their analysis. Van Dijk et al.[22]
found that the inclusion of baseline ['®F]FDG PET features
improved the prediction of xerostomia at 12 months post-
treatment. Wilkie et al.[23] verified these findings independently
and also observed that post-treatment PET features improved pre-
diction further. Elhalawani et al.[24] also found predictive effects
‘or xerostomia from post-treatment PET, but failed to find any from

re-treatment PET. They also contrarily noted that while SUV
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decreased between pre- and post-treatment, this did not occur in
a dose-dependent manner.

The problem with ['3F]FDG PET analyses lies in the lack of sen-
sitivity and specificity of the tracer to the salivary glands, resulting
in low dynamic range, along with the confounding effect of
radiation-induced inflammation, which can lead to an increase in
['3F]FDG uptake. As an example of this, Mouminah et al.[25] found
that SUV e, increased in PGs by 0.12 SUV on average, when com-
pared to baseline for patients treated with photons. PSMA being
more specific and sensitive as a tracer, is superior in its ability to
measure changes due to dose. Due to its higher dynamic range of
values, the effect of dose can be studied at finer gradations of base-
line levels too. The repeatability coefficient of PSMA PET for the
parotid glands is on average 23.4 %[26].

Contrary to popular approaches that bin/average data, nor-
malise the response variable to a fraction of baseline function
(which has been shown to have poor statistical efficiency[27]),
and run a logistic regression in order to fit a sigmoid shaped curve,
we instead chose to retain the original response variable as is,
incorporate the baseline as a covariate, and run a generalised
mixed effect model that accounted for the natural shape of the data
as well as all the correlation and variation within and between
patients.

An interesting observation is that for all our models, the post-
treatment SUV at doses close to 0 Gy exhibited appreciable reduc-
tion when compared to the BL SUV value. This varied widely
between patients too, as seen in Fig. 3 and Suppl. Fig. 3a-4d. Uncer-
tainties in dose delivery (since only planned dose was used), regis-
tration and the repeatability of PET certainly played a role here.
One hypothesis is this could be hypersensitivity of the glands to
low doses of radiation. Another possibility was systemic therapy,
but including this factor failed to improve any of the models. From
a mathematical perspective, the intercept could be seen as a sys-
tematic ‘offset’ effect of RT on the salivary gland that varied
between patients, after which PSMA loss occurred in a dose depen-
dent manner.

When looking at the dose response curves for the SMGs, the
response appeared to improve at PTgy vs PTyy at doses below
30 Gy, and worsen at doses above it (Suppl. Figs. 1a-d). This is in
contrast to the PGs, which had very similar population dose
response curves at PT;y; and PTgy. This behaviour in the SMGs per-
sisted when the models were refitted on a common reduced set of
voxels, indicating that the difference itself was not due to a differ-
ence in the underlying dataset. However as depicted in Fig. 2c-d,
only 10 % of all voxels received less than 25 Gy. Given the sparsity
of the data in the low dose region, the uncertainty there is greater.
More data of the SMG response in the lose dose region is required
for a complete picture.

The TDsp of PGs has been derived through scintigraphy and
sialometry and is widely reported in literature to hover around
25-40 Gy at 1-12 months after radiotherapy|8,28,29], which fell
in line with what we observed. The TD5q of SMGs is reported in lit-
erature to be around 35-45 Gy, much higher than our observed
results, but this may be due to the reported timepoint being 1-
2 years post-treatment|9,30].

When comparing PSMA loss to patient-reported xerostomia,
correlations were found to be higher at DT than PTpm, and higher
at PT,y than PTgy,, indicating PSMA loss appears to decouple from
xerostomia symptoms as time goes on. Some possible reasons for
this could be patients acclimating to their symptoms, or compen-
sation from other minor glands not included in the assessment.
Spearman’s p indicated PSMA loss correlated more with patient
reported xerostomia than mean dose did. The magnitude of the
correlation was also comparable to those of sialometry studies
[6,31].
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Our study is naturally not without limitations. The distribution
of uptake in sub-regions of the glands was not characterised. Each
voxel in the gland was assumed to be an independent functional
unit and spatial connectivity was unaccounted for. The models cre-
ated also did not influence each other; the SMG response did not
take into account the function or response of the PGs and vice
versa. Neither did the models distinguish between laterality (ipsi-
lateral/contralateral). Xerostomia and salivation are multifactorial;
the interplay between glands, such as the compensation by one
gland for the dysfunction of another, can play an important role.
These trends were not possible to identify in the models we pur-
sued. And lastly, we assumed that PSMA expression was a good
surrogate for gland function. While it might be a safe bet that
PSMA signal loss is correlated with loss of functional secretory
cells, how this translates to saliva production and quality has not
been studied. Moreover, while salivary flow and patient-reported
xerostomia can recover significantly at 1-2 years post-treatment,
it is not known if PSMA expression recovers significantly over time,
and if overshoot can occur. Nonetheless, given the correlation
between patient reported xerostomia and PSMA loss we found,
we still assert its ability to assess xerostomia.

The PSMA PET dose-response models we have presented could
find potential use in dose-planning. One could optimise the plan-
ning objective to maximise the total predicted post-treatment
SUV of a gland, instead of minimising its mean dose. It is possible
that for the same mean dose, a different dose distribution could be
derived that would result in less PSMA loss, which emphasises the
sparing of voxels in the lower dose region, and pushing that dose
into regions that already receive a large dose. One could also envi-
sion a future wherein a patient receives a PSMA-PET scan prior to
RT, upon which a tailor-made dose-plan could be generated by
optimising for the distribution and response curves of different
baseline values. A during-treatment scan to assess response and
adapt to it is also potentially feasible, since our results indicate
PSMA loss is demonstrable early in the treatment regimen.

Recently, sparing the purported stem cell rich (SCR) region in
the parotid gland has garnered interest as a strategy to preserve
parotid gland function [32].Visually, any correlation between
PSMA distribution and the SCR region (in the main duct near the
junction of the masseter muscle, parotid gland and mandible) is
not apparent. Further research is required to investigate if a rela-
tion exists between PSMA response and the SCR region, and the
role it could play in dose-planning.

Conclusion

In conclusion, we have characterised the dose-response of
secretory cell loss in salivary glands to EBRT with PSMA PET using
generalised linear mixed models. Dose had a largely relative effect
on BL SUV and the response followed an exponential decay curve.
PSMA loss correlated well with patient reported xerostomia at DT
and PT,y. Significant PSMA loss occurred already in the second/
third week of treatment. PSMA PET is a useful objective tool to
assess dose-response and its potential in dose-planning should
be explored in the future.
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