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Abstract: Xerostomia is a disabling side-effect of head and neck cancer (HNC) radiation therapy (RT) that significantly impacts quality
of life. While proton therapy offers dosimetric advantages over photon therapy, metabolic evidence of tissue-sparing effects remains
limited. This retrospective study assessed **F-FDG PET/CT for evaluating radiation-induced metabolic changes in parotid glands follow-
ing proton versus photon RT in 50 HNC patients with base-of-tongue tumors treated with photon (n=14, intensity-modulated radiation
therapy (IMRT)) or proton (n=36, pencil-beam scanning intensity-modulated proton therapy (IMPT)) with concurrent chemotherapy. All
patients received *8F-FDG PET/CT before and approximately 3 months post-treatment. Bilateral parotid glands were manually delineated
and averaged per patient. Both groups demonstrated significant total mean standardized uptake value (SUVmean) increases (photon:
1.13+0.23 to 1.45+0.38, P<0.001; proton: 1.30+0.27 to 1.41+0.21, P=0.017), with significantly greater increases in the photon group
for both ASUV__ (0.32 vs. 0.11, P=0.017) and ASUV __ (0.44 vs. 0.07, P=0.011; Mann-Whitney U tests). Between-group effect sizes
were large (Cohen’s d=0.86 and 0.95, respectively), and multivariable regression confirmed the treatment group effect (ASUV__ B=-
0.25, P=0.017, adjusting for baseline SUV and disease stage; ASUV__ =-0.30, P=0.015, adjusting for baseline SUV). These findings
suggest that proton therapy produces significantly lower increases in parotid gland *8F-FDG uptake compared to photon therapy, sup-
porting *8F-FDG PET/CT as a quantitative biomarker for radiation-induced parotid gland injury. Future prospective studies correlating
metabolic changes with functional outcomes are warranted.
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Introduction

Head and neck cancers (HNC) are the seventh most com-
mon malignancy worldwide, arising from the oral cavity,
oropharynx, nasopharynx, hypopharynx, larynx, nasal ca-
vity, and major salivary glands. In 2016, HNC accounted
for 4 million prevalent cases, 1 million new diagnoses,
and 500,000 deaths globally, with an average age at diag-
nosis of 60 years [1]. *¥F-fluorodeoxyglucose positron
emission tomography/computed tomography (‘*8F-FDG
PET/CT) outperforms both CT and magnetic resonance
imaging (MRI) for detecting local nodal metastases, dis-
tant metastases, and secondary primary tumors [2]. HNC
management depends on primary tumor location, dis-
ease stage, and tumor resectability; early-stage cancers
are typically treated with surgery or radiation therapy (RT),
while locally advanced tumors receive RT combined with
chemotherapy [3].

Photon RT, a primary treatment modality for HNC, delivers
ionizing radiation where energy deposition is spread al-
ong the entire path of the beam, often damaging sur-
rounding normal tissues and resulting in adverse effects.
In contrast, proton RT offers a distinct physical advantage
through its characteristic Bragg peak, where energy de-

position is concentrated at a specific depth within the
tumor while minimizing dose to surrounding healthy tis-
sues [4]. This precise dose distribution reduces exit dose
beyond the target volume and spares adjacent critical
structures. Comparative studies have demonstrated that
proton RT delivers significantly lower radiation doses to
organs at risk in HNC patients compared to photon RT,
protecting critical structures in anatomically complex
regions [5-7].

Xerostomia, or dry mouth, is among the most fre-
quent and debilitating toxicities of HNC RT, typically aris-
ing when the parotid and submandibular salivary glands
are exposed to high radiation doses [8]. Several investi-
gations have examined radiation dose parameters to the
parotid glands as predictors of xerostomia, but these
dosimetric parameters do not always correlate with clini-
cal outcomes and fail to capture individual biological
responses to radiation exposure [9-12]. *¥F-FDG PET/CT
can provide insights into radiation-induced tissue chang-
es by detecting metabolic alterations in organs at risk
following RT, as increased tissue glucose metabolism
has been shown to indicate processes such as inflamma-
tion, cellular repair, or metabolic stress [13, 14]. Trada et
al. demonstrated that mid-treatment changes in parotid
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Figure 1. Example of axial ®F-FDG PET/CT images with bilateral parotid gland re-
gions of interest (outlined in blue and yellow) used for SUV quantification.

gland FDG uptake significantly correlated with subse-
quent moderate-to-severe xerostomia at 6 months, and
that integration of PET metabolic changes with clinical
factors improved xerostomia risk prediction (area under
the curve [AUC] 0.777) compared to clinical factors alone
(AUC 0.667) [15]. However, whether these metabolic pat-
terns differ between photon and proton therapy modali-
ties, and thus could inform treatment selection, remains
to be established.

The aim of this study was to assess the utility of **F-FDG
PET/CT in evaluating radiation-induced metabolic chang-
es in parotid glands of HNC patients treated with photon
or proton therapy. By quantifying *®F-FDG uptake as a sur-
rogate marker of tissue response, we sought to determine
whether distinct metabolic patterns emerge between the
two treatment approaches.

Materials and methods
Patient population

A retrospective analysis was performed with patients with
HNC who had undergone either photon or proton RT along
with chemotherapy. The study included patients with
primary tumor located in the base of the tongue with
18F-FDG PET/CT before and after RT. Patients were exclud-
ed if they had poor-quality images which prevented dis-
tinct delineation of parotid gland borders, discordance
between PET and CT images, or tumor metastasis within
or adjacent to the parotid gland. All patients underwent
PET/CT imaging before and after photon or proton RT
delivered with concurrent cetuximab or cisplatin-based
chemotherapy. The mean interval between treatment and
follow-up PET imaging was 90 days (range 76-102, SD: 8
days) for the photon RT group and 95 days (range 37-134,
standard deviation (SD): 17 days) for the proton RT group.
All patient data were anonymized. The study was con-
ducted in compliance with Health Insurance Portability
and Accountability Act (HIPAA) guidelines. This study was
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approved by the Institutional Review
Board of the University of Pennsylvania
with a waiver of informed consent due to
the retrospective design and use of de-
identified data. Photon RT was delivered
using intensity-modulated radiation ther-
apy (IMRT) techniques, while proton RT
utilized pencil-beam scanning intensity-
modulated proton therapy (IMPT). The
median prescription dose was 7000 cGy
(range 4400-7800 cGy) for the photon
group and 6300 cGy (range 5993-11,550
cQy) for the proton group. Treatment was
delivered in standard fractionation sch-
edules with concurrent cetuximab or cis-
platin-based chemotherapy.

FDG-PET/CT image acquisition & analysis

All patients fasted for a minimum of six hours prior to
administration of 15 millicuries (mCi) *F-FDG radiotracer
intravenously. Before administering 8F-FDG, serum glu-
cose levels were immediately measured to ensure levels
were below 11 mmol/L (200 mg/dL) for accurate tracer
uptake. Patients underwent PET/CT scanning approxi-
mately 60 minutes after receiving 8F-FDG. The standard
institutional imaging protocol was followed, and scans
were obtained on hybrid PET/CT scanners with compa-
rable spatial resolution including Philips Ingenuity TF/
Gemini TF 16, Siemens 923/Biograph 64 mCT, and Phi-
lips Ingenuity TF systems. Institutional PET/CT protocol
was compiled, including quality control, calibration, and
cross-calibration of PET/CT scanners and validation of
standardized uptake value (SUV) measurements. All PET/
CT scanners were cross-calibrated to the dose calibrator.
On a monthly basis, a uniform phantom was imaged on all
PET/CT scanners, and the average SUVs were compared
to the ideal value of 1.0. If the average SUV of a scanner
differed by more than 5% from the ideal value, corrective
adjustments were performed (Siemens Scanner Cross
Calibration procedure for Siemens systems; lookup table
value adjustment for Philips scanners). No formal image
harmonization was performed across scanners; rather,
reconstruction parameters were individually optimized for
each system to achieve the best possible clinical image
quality [16-18]. For CT scans, body mass index (BMI)
under 30, BMI between 30 and 35, and BMI above 35
were acquired using CT settings of 50, 100, and 150 mil-
liampere-seconds (mAs) at 120 kilovolt peak (kVp),
respectively. The time per bed for the PET acquisitions
was 1.5, 2, and 3 minutes, respectively. PET images were
adjusted for scanner dead time, random coincidences,
scattering, and attenuation.

OsiriX MD software version 12.5.7 was used to assign
regions of interest (ROI) and measure ¥F-FDG uptake
within the left and right parotid glands. ROIs were manu-
ally drawn around the left and right parotid glands on
sequential axial PET/CT slices (Figure 1). The anatomical
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Table 1. Anatomical boundaries used for parotid gland delineation on axial CT images during region-of-interest placement

Direction Primary Landmarks Secondary Landmarks Clinical Notes
Superior External acoustic meatus Mastoid process of temporal bone Upper boundary extends to level of
zygomatic arch
Inferior Posterior aspect of submandibular Angle of mandible Lower boundary typically at level of
space hyoid bone
Anterior Masseter muscle (superficial portion) Posterior border of mandibular ramus;  Extends to posterior edge of mandibular
medial and lateral pterygoid muscles body
Posterior Mastoid process of temporal bone Anterior belly of SCM; external auditory Forms relationship with styloid process
canal and carotid sheath
Medial Styloid process and stylomandibular  Posterior belly of digastric muscle; Deep lobe extends medially around
ligament parapharyngeal space posterior border of mandible
Lateral Subcutaneous fat layer Platysma muscle; superficial musculo-  Superficial lobe lies immediately be-

aponeurotic system

neath skin and platysma

SCM = sternocleidomastoid muscle.

borders of parotid glands used for ROI delineation were
defined as follows (Table 1): superiorly by the external
acoustic meatus and mastoid process, inferiorly by the
posterior part of the submandibular space, anteriorly by
the masseter muscle, posterior border of the mandibular
bone, and medial and lateral pterygoid muscles, posteri-
orly by the mastoid process of the temporal bone and
anterior belly of the sternocleidomastoid muscle, medially
by the styloid process, posterior belly of the digastric mus-
cle, and parapharyngeal space, and laterally by the sub-
cutaneous fat and platysma muscle. Mean standardized
uptake value (SUV__ ) was calculated as the average of
all voxels within the defined ROI. Total SUV maximum
(SUV_,) was determined as the average SUV,__ from axial
slices weighted according to the cross-sectional area of
the ROl in each slice. For each patient, left and right par-
otid gland SUV values were averaged to yield a single
SUv_..,and SUV__ per patient, ensuring statistical inde-
pendence of observations.

Statistical analysis

For each patient, SUV___ and SUV, __ values were obtain-
ed from pre- and post-RT scans. Within-group compari-
sons were analyzed using two-tailed paired t-tests, with
Wilcoxon signed-rank tests as non-parametric confirma-
tion. Between-group differences in mean change (ASUV)
were assessed with two-tailed unpaired t-tests (Welch's
t-test to account for unequal variances) and confirmed
with Mann-Whitney U tests. Effect sizes were quantified
using Cohen’s d with 95% confidence intervals (Cls). To
account for potential confounders including baseline SUV
values and disease stage, multivariable linear regression
models were fitted with ASUV as the dependent variable
and treatment group, baseline SUV, and stage (dichoto-
mized as stage IV vs. stages I-lll) as independent vari-
ables. Baseline demographic and clinical characteristics
were compared between groups using independent
t-tests for continuous variables and Fisher’'s exact test
for categorical variables. Cumulative cross-sectional ROI
area (cm?) was used as a surrogate for parotid gland vol-
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ume, and pre- to post-treatment changes were assess-
ed. Statistical analyses were performed using R software
(R Foundation for Statistical Computing, Vienna, Austria).
A p-value less than 0.05 was considered statistically
significant.

Results

Fifty patients met inclusion criteria and were analyzed for
this study (Table 2). Baseline characteristics were gener-
ally balanced between groups. Mean age did not differ
significantly (photon 66.3 vs. proton 67.7 years, P=0.54),
nor did sex distribution (Fisher’s exact P=1.00). Baseline
parotid SUVmean was lower in the photon group (1.13+0.23)
than the proton group (1.30+0.27, P=0.042), whereas
baseline SUV__ did not differ significantly (1.63+0.30 vs.
1.81+0.37, P=0.11). Disease staging differed between
the two groups. The photon RT group had no patients with
stage 1 or stage 2 disease, 2 patients (14%) with stage 3
disease, and 12 patients (86%) with stage 4 disease. In
the proton RT group, 4 patients (11%) had stage 1 dis-
ease, 1 patient (3%) had stage 2 disease, 5 patients (14%)
had stage 3 disease, and 26 patients (72%) had stage 4
disease.

Both treatment groups demonstrated statistically signifi-
cant increases in parotid gland SUV__ from pre-treat-
ment to post-treatment imaging (Table 3; Figure 2A,
2B). In the photon RT group, SUV__  increased from
1.13+0.23 to 1.45+0.38 (mean change 0.32, P<0.001).
In the proton RT group, SUV___ increased from 1.30+
0.27 to 1.41+0.21 (mean change 0.11, P=0.017). The
magnitude of SUV___increase was significantly lower in
the proton RT group relative to the photon RT group (0.11
vs. 0.32, P=0.011).

SUV__ results differed between treatment modalities
(Table 3; Figure 2C, 2D). The photon RT group demon-
strated a significant increase in SUV__ (1.63+0.30 to
2.07+0.67, mean change 0.44, P=0.004). In contrast,
the proton RT group showed no statistically significant
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Table 2. Baseline patient demographic and clinical characteristics of head and neck cancer cohorts treated with proton

or photon radiation therapy

Characteristic Photon RT (n=14) Proton RT (n=36) P value Test
Age, mean + SD (range) 66.315.2 (57-76) 67.7+7.2 (57-79) 0.544 a
Sex, n (%) 1.000 b
Male 12 (86) 30 (83)
Female 2 (14) 6 (17)
Race, n (%)
White 13 (93) 35 (97)
Tumor stage, n (%) b
Stage | 0(0) 4(11)
Stage Il 0(0) 1(3)
Stage llI 2 (14) 5 (14)
Stage IV 12 (86) 26 (72)
Baseline SUV,__ ., mean + SD 1.13+0.23 1.30+0.27 0.042* a
Baseline SUV,__, mean + SD 1.63+0.30 1.81+0.37 0.109 a
Baseline parotid area (cm?), mean + SD 162.1+76.8 126.3+66.7 0.108 a

Values are presented as mean + SD (range) or n (%). RT = radiation therapy; SUV = standardized uptake value. 2Independent samples t-test. °Fisher’s

exact test. "P<0.05.

Table 3. Parotid gland SUV changes before and after radiation therapy with within-group and between-group comparisons

Group Metric Pre-RT Post-RT ASUV (mean + SD)  Paired t Wilcoxon  95% Clof A % Change
Photon (n=14) SUvV,_ .. 1.13+0.23  1.45+0.38 0.32+0.25 <0.001" <0.001" 0.18-0.47 +28.3%
SUvV__. 1.63+0.30 2.07+£0.67 0.44+0.47 0.004" <0.001" 0.17-0.71 +27.0%
Proton (n=36) SUV,_ .. 1.30+0.27 1.41+0.21 0.11+0.26 0.017" 0.013" 0.02-0.20 +8.5%
SUvV__ 1.81+0.37 1.88+0.30 0.07+0.36 0.250 0.187 -0.05-0.19 +3.9%
Between-Group Comparison (A Photon - A Proton)
ASUv 0.22 0.011" 0.017" 0.06-0.38 d=0.86
ASUV,_ 0.37 0.015" 0.011" 0.08-0.66 d=0.95

Values are mean + SD. ASUV = post-treatment minus pre-treatment value. Paired t = paired t-test (within-group). Wilcoxon = Wilcoxon signed-rank
test (within-group) or Mann-Whitney U test (between-group). 95% Cl = 95% confidence interval of the mean difference. Between-group P values from

Welch’s t-test (Paired t column) and Mann-Whitney U (Wilcoxon column). d = Cohen’s d effect size (95% CI: SUV

“P<0.05.

change in SUVmax from pre-treatment to post-treatment
(1.81+£0.37 to 1.88+0.30, mean change 0.07, P=0.250).
When comparing the magnitude of change between
groups, the proton RT group had a significantly lower in-
crease in SUV,__ compared to the photon RT group (0.07
vs. 0.44, P=0.015). Non-parametric analyses confirmed
all primary findings: Wilcoxon signed-rank tests support-
ed within-group SUV__ increases for both photon (P<
0.001) and proton (P=0.013) groups, while Mann-Whitney
U tests confirmed significant between-group differences
for both ASUV__ (U=363, P=0.017) and ASUV __ (U=370,
P=0.011) (Figure 3). The effect size for the between-group
ASuv__ . difference was large (Cohen's d=0.86, 95% CI:
0.22-1.50), as was that for ASUV__ (Cohen’s d=0.95,
95% Cl: 0.30-1.59). The mean difference in ASUV__
between photon and proton groups was 0.22 (95% CI:
0.06-0.38), and the mean difference in ASUV__ was
0.37 (95% Cl: 0.08-0.66). In multivariable linear re-
gression adjusting for baseline SUV___ , the treatment
group effect on ASUV__ -~ remained notable (3=-0.14,
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0.22-1.50; SV, 0.30-1.59).

mean

P=0.067). When additionally adjusting for disease stage
among patients with available staging data, the group
effect strengthened and reached significance (=-0.25,
P=0.017) (Table 4). For ASUV__, the group effect
remained significant after adjusting for baseline SUV__
(B=-0.30, P=0.015). Parotid gland cross-sectional area
decreased significantly in both groups from pre- to post-
treatment: from 162.1+76.8 to 124.8+58.5 cm? in the
photon group (P=0.011) and from 126.3+66.7 to
102.7+47.0 cm? in the proton group (P=0.016). Mean per-
centage area reduction was -16.4% for the photon group
and -10.4% for the proton group. A sensitivity analysis
using area-weighted SUV values yielded results consis-
tent with the primary analysis (between-group ASUVmean
P=0.013; ASUV_ P=0.022) (Figures 3 and 4) (Table 5).

Discussion

This study demonstrates that proton RT produces signifi-
cantly smaller increases in parotid gland *8F-FDG uptake
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Figure 2. Box plots illustrating a comparison of parotid gland SUV___ values before
and after radiation therapy in patients treated with proton and photon therapy. (A)
Photon RTSUV___, (B) Proton RTSUV ___ ., (C) Photon RT SUV __, (D) Proton RT SUV__ .
Light boxes = pre-RT, dark boxes = post-RT. Individual patient trajectories shown as
connecting lines. P-values from paired t-tests.
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Figure 3. Box plots comparing the magnitude of parotid gland SUV changes (ASUV)
between proton and photon treatment groups. (A) ASUV,____and (B) ASUV__ between
photon and proton groups. Violin plots show data distribution; box plots show me-
dian and interquartile range; white diamonds indicate group means. Cohen'’s d effect
sizes and Mann-Whitney P-values shown.

tabolic evidence for the dosimetric ad-
vantages of proton therapy and suggest
that 18F-FDG-PET/CT may serve as a
quantitative biomarker for radiation-in-
duced parotid gland injury. The differ-
ence in metabolic responses between
treatment modalities reflects fundamen-
tal differences in radiation dose distribu-
tion, where proton beams deposit energy
primarily at the Bragg peak within tumor
tissue with minimal exit dose to surround-
ing healthy structures [19]. This physical
advantage translates to reduced radia-
tion exposure to parotid glands, which
are radiosensitive due to their high cellu-
lar turnover rate and the vulnerability of
serous acinar cells to ionizing radiation
[20]. The smaller magnitude of ®F-FDG
uptake increase following proton therapy
indicates less radiation-induced inflam-
mation, cellular stress, and metabolic
disruption in parotid tissue, supporting
the clinical rationale for proton therapy
in HNC where preservation of salivary
function is critical.

An important consideration is the sig-
nificant baseline difference in parotid
SuvV__.. between groups (photon 1.13+
0.23 vs. proton 1.30+0.27, P=0.042),
which could confound between-group
comparisons of ASUV. To address this,
we performed multivariable linear regres-
sion adjusting for baseline SUV, which
showed that the treatment group effect
on ASUV__ remained notable (3=-0.14,
P=0.067); when additionally adjusting for
disease stage, the effect reached sig-
nificance (B=-0.25, P=0.017). The group
effect on ASUV__ remained significant
after baseline adjustment (=-0.30, P=
0.015). Furthermore, non-parametric te-
sts (Mann-Whitney U) confirmed all be-
tween-group differences, and large ef-
fect sizes (Cohen’s d=0.86-0.95) indi-
cate clinically meaningful separation be-
tween groups. The use of Welch's t-test to
account for unequal variances between
the smaller photon group and larger pro-
ton group provides additional confidence
in these findings. Nevertheless, the retro-
spective design and modest sample size
preclude definitive causal inference, and

compared to photon RT when used to treat HNC pa-
tients with tumors located at the base of the tongue. The
photon therapy group exhibited substantially greater
increases in SUV___and SUV__, while the proton the-
rapy group showed modest increases in SUV___ - with no

significant change in SUV,__ . These findings provide me-

118

propensity score methods were not feasible given the
small photon cohort.

Our results align with the study by Mouminah et al., which
similarly demonstrated lower *¥F-FDG uptake increases
in parotid glands following proton versus photon RT in
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tion inflammation manifests as incre-
ased 8F-FDG uptake during the acute
phase, followed by dose-dependent de-
creases as cellular damage accumulates
and fibrosis or replacement of functional
tissue progresses. This temporal pattern
aligns with the pathophysiology of ra-
diation-induced salivary gland damage,
where acute inflammatory responses wi-
thin the first few months give way to ch-
ronic changes characterized by acinar
cell loss, ductal damage, and progressive
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Figure 4. Parotid gland cross-sectional area changes following radiation therapy. A.
Pre- and post-RT area with individual patient trajectories and mean + SEM error bars.
B. Percentage change in parotid area between groups. P-values from paired t-tests

(within-group) and Welch’s t-test (between-group).

HNC patients [21]. Our findings extend this work by ex-
amining a more homogeneous patient cohort with exclu-
sively base-of-tongue tumors and a five-fold larger proton
therapy group (n=36 vs. n=7), enabling direct statistical
comparison that quantified significantly lower increases
in *®F-FDG uptake with proton therapy for both SUV__
and SUVmax. However, our findings contrast with those of
Roach et al., who reported dose-dependent declines in
parotid gland FDG uptake following photon RT, with
SUV__.. decreasing by approximately 5.2% per 10 Gy
increase in mean parotid dose and SUV__ declining in a
sigmoidal pattern beyond a 32 Gy threshold [22]. Seve-
ral methodological differences may explain this divergent
directionality. First, our study focused exclusively on base-
of-tongue tumors, creating a more homogeneous popula-
tion with similar radiation field configurations and dose
distributions to the parotid glands, whereas Roach et al.
included patients with various head and neck tumor lo-
cations across different anatomical subsites. Second,
Roach et al. reported a mean post-treatment imaging
time of 22 weeks (range 6-151 weeks, SD 31 weeks), with
substantial variability; although the majority of their scans
were obtained within 3 months, a subset extended to
nearly 3 years post-treatment, and the dose-dependent
decline in SUV___became more pronounced at later time
points. Third, Roach et al. analyzed SUV changes as a
continuous function of individual parotid mean dose using
dose-volume histogram data, revealing a linear decline in
SUV__.. of 5.2% per 10 Gy increase - an analysis that cap-
tures dose-stratified responses across individual glands
rather than group-level comparisons between treatment
modalities. In contrast, our study compared aggregate
pre- to post-treatment SUV changes between photon and
proton cohorts without individual parotid dose data, which
may preferentially detect the acute inflammatory compo-
nent of the radiation response rather than the dose-
dependent functional decline observed at higher cumu-
lative exposures. These differences are consistent with
a biphasic metabolic response in which initial post-radia-
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foongy fibrosis [23]. The timing of post-treatment
imaging is therefore critical for interpre-
ting metabolic changes, as measure-
ments obtained during different phases
of the radiation response may yield diver-
gent results despite reflecting the same
underlying pathophysiological process. In
this study, the mean post-RT imaging interval was 90 days
(range 76-102, SD 8 days) for the photon group and 95
days (range 37-134, SD 17 days) for the proton group.
Because 8F-FDG uptake may reflect acute inflammation
at earlier time points and atrophy or fibrosis at later time
points, the wider range in the proton group could influ-
ence group comparisons. Although all patients were
imaged within a comparable window centered around 3
months post-treatment, future studies should standard-
ize the post-treatment imaging interval and include timing
as a covariate.

The biological mechanisms underlying increased *8F-
FDG uptake following RT involve specific cellular and
molecular events triggered by ionizing radiation exposure.
Radiation-induced DNA damage activates stress respon-
se pathways, leading to increased glucose metabolism
through enhanced glycolysis, upregulation of glucose
transporters, and activation of inflammatory cell popula-
tions that exhibit high metabolic activity [24-27]. Imme-
diately following radiation exposure, damaged cells initi-
ate repair processes that require substantial biochemical
energy expenditure, which manifests as increased cellu-
lar glucose utilization detectable by *®F-FDG-PET imag-
ing. Simultaneously, radiation triggers an inflammatory
response characterized by cytokine release, immune cell
infiltration, and vascular changes that further contribute
to elevated metabolic activity [28, 29]. In the salivary
glands, radiation-induced inflammation leads to swelling,
ductal obstruction, and impaired secretory activity. The
associated rise in glucose metabolism is largely driven by
infiltrating inflammatory cells and the activation of fibro-
blasts. As this process progresses, persistent inflamma-
tion results in acinar cell loss, fibrotic replacement, and
subsequent decline in glandular function. The metabolic
differences between photon and proton therapy groups
suggest that proton therapy causes less cellular injury
and inflammation. This metabolic profile is potentially
consistent with better tissue preservation and may lower
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Table 4. Multivariable linear regression models for ASUV adjusting for baseline values and disease stage

Model/Variable 3 Coefficient 95% Cl P value R? Interpretation
Model 1: ASUV___~ Group + Baseline SUV,__._(n=50)
Group (proton vs. photon) -0.140 -0.290 to 0.010 0.067 Trend toward lower ASUV in proton
Baseline SUV__ -0.448 -0.700 to0 -0.196 <0.001" 0.25  Higher baseline — smaller increase
Model 2: ASUV __ ~ Group + Baseline SUV__ (n=50)
Group (proton vs. photon) -0.304 -0.546 t0 -0.062 0.015" Significant proton advantage
Baseline SUV __ -0.356 -0.663 t0 -0.049 0.024" 0.23 Regression to mean effect
Model 3: ASUV__ -~ Group + Baseline + Stage (n=50)
Group (proton vs. photon) -0.253 -0.457 t0 -0.049 0.017" Significant after stage adjustment
Baseline SUV__ -0.310 -0.740 t0 0.120 0.151
Stage IV (vs. I-lI) -0.087 -0.384 t0 0.209 0.549 0.29  Stage not an independent predictor

B = unstandardized regression coefficient. Cl = confidence interval. R> = model R-squared. "P<0.05.

Table 5. Parotid gland cross-sectional area changes and area-weighted SUV sensitivity analysis

Measure Photon RT (n=14) Proton RT (n=36) P value Test Notes
Parotid Cross-Sectional Area
Pre-RT area (cm?) 162.1+76.8 126.3+66.7 0.108 t-test
Post-RT area (cm?) 124.8458.5 102.7+47.0
A Area (cm?) -37.4+47.4 -23.6+55.8
% Area change -16.4+36.3% -10.44+35.2% 0.603 Welch's t No significant group difference
Within-group change P=0.011" P=0.016" Paired t Both groups had significant shrinkage
Area-Weighted SUV Sensitivity Analysis
A Weighted SUV 0.333+£0.265 0.111+0.258 0.013" Welch's t Consistent with primary analysis
A Weighted SUV,__ 0.458+0.512 0.081+0.374 0.022" Welch’s t Consistent with primary analysis

Values are mean + SD. Cross-sectional ROl area (cm?) used as a surrogate for parotid gland volume. Area-weighted SUV = £(SUV x area)/X(area)

across all axial slices. "P<0.05.

the risk of chronic long-term complications such as xero-
stomia [30]. Consistent with this, our findings demon-
strated significant parotid gland area reductions in
both groups (photon: -16.4%, P=0.011; proton: -10.4%,
P=0.016), alongside significantly smaller increases in
SUV .. inthe proton group (0.11 vs. 0.32, P=0.011), sup-

porting the hypothesis that proton therapy induces less
radiation-related metabolic disruption in parotid tissue.

Several clinical studies have provided evidence that the-
se metabolic differences translate into meaningful clini-
cal outcomes. Blanchard et al. reported that grade > 2
acute xerostomia at 3 months post-treatment occurred
significantly less frequently with proton therapy compared
to intensity-modulated radiation therapy (42% vs. 61%,
P=0.009), while maintaining equivalent oncologic out-
comes [31]. Similarly, Cao et al. observed reduced rates
of xerostomia and post-treatment complications with pro-
ton versus photon therapy across multiple timepoints,
and reported lasting benefits that persisted beyond 24
months after proton therapy [32]. These clinical outcom-
es correlate with our metabolic findings, suggesting that
18F-FDG-PET/CT measurements may serve as an objec-
tive, quantitative biomarker for radiation-induced salivary
gland injury that predicts subsequent functional impair-
ment. This relationship between metabolic changes and
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clinical outcomes is further supported by Wilkie et al.,
who found a significant correlation between pre-treat-
ment 90th percentile SUV uptake in parotid glands and
the development of late xerostomia, indicating that base-
line metabolic characteristics may influence susceptibi-
lity to radiation-induced damage [33]. This evidence sug-
gests that metabolic imaging could potentially guide treat-
ment selection, with patients at higher risk for salivary
dysfunction benefiting preferentially from proton therapy
or other tissue-sparing approaches.

Our observation of significant alterations in SUV___for
both cohorts with SUV__ remaining stable in the proton
group carries important implications for the use of
'8F-FDG PET/CT in metabolic imaging. SUV__ represents
the highest uptake value within a single voxel and, while
commonly used in oncologic imaging due to its simplicity
and reproducibility, is susceptible to image noise, partial
volume effects, and random fluctuations that may not
reflect true biological changes [34, 35]. In contrast,
SUVmean incorporates all voxels within the region of inter-
est and provides a more comprehensive assessment of
overall tissue metabolism, averaging out localized varia-
tions and noise artifacts [35, 36]. When used to detect
diffuse inflammatory changes following RT, SUV,__offers

superior sensitivity for widespread metabolic changes

Am J Nucl Med Mol Imaging 2026;16(2):114-124



Photon vs. proton therapy in parotid glands

affecting the entire gland, rather than focal abnormalities
that might be better captured by SUV__ . The finding that
SuUv__.. detected significant changes in both treatment
groups while SUV __ failed to reach significance in the pro-
ton group suggests that radiation-induced metabolic in-
jury is broadly distributed throughout the parotid gland
rather than concentrated in focal regions. This result sup-
ports using SUV___ as the more reliable parameter for
evaluating radiation-induced changes and indicates that
whole-gland metabolic assessment offers greater clinical
relevance than peak uptake measurements.

This study must be interpreted within the context of its
limitations. The retrospective nature of the study, while
permitting the use of available data, introduced selec-
tion bias and limits control over potential confounders
that may influence metabolic measurements. The modest
sample size, particularly within the photon therapy group,
reduces statistical power and constrains the ability to
detect subtle differences or conduct subgroup analyses.
Additionally, the study’s temporal framework, as analyses
were confined to only two imaging time points approxi-
mately three months apart, provided an incomplete view
of the dynamic response to radiation. A more informa-
tive approach would involve repeated imaging at multi-
ple stages, beginning during treatment and continuing
through both the acute recovery and chronic phases, to
capture the kinetics of metabolic alterations, identify win-
dows for predictive evaluation, and establish whether
early changes forecast long-term sequelae. The absence
of correlation with objective measures of salivary func-
tion, such as stimulated and unstimulated saliva flow
rates, compositional analysis, or standardized xerostomia
questionnaires, precluded direct validation of the clinical
relevance of *¥F-FDG-PET/CT findings. Incorporating func-
tional endpoints in future studies will be critical to deter-
mine whether metabolic shifts predict outcomes such as
severe xerostomia, quality-of-life deterioration, or reliance
on saliva substitutes. Imbalances in disease stage distri-
bution are also noteworthy, as the photon therapy cohort
included a greater proportion of stage 4 cases (86% vs.
72%), potentially biasing results given that advanced
tumors often require larger radiation fields involving gre-
ater parotid gland volumes, although multivariable regres-
sion adjusting for stage confirmed the treatment group
effect (P=0.017). Additionally, all patients received con-
current chemotherapy with either cetuximab or cisplatin,
making it difficult to isolate the effects of RT from that of
systemic therapy.

The significant reduction in parotid gland cross-sectional
area observed in both groups raises the possibility that
partial-volume effects may have influenced SUV measure-
ments. Partial volume effects inherent to PET, particularly
relevant in small or atrophic parotid glands, may result
in underestimation of true tracer uptake [37]. However,
a sensitivity analysis using area-weighted SUV values,
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which partially accounts for volume changes, yielded
results consistent with the unweighted primary analysis,
suggesting that partial-volume effects did not substan-
tially alter our conclusions. Formal partial-volume correc-
tion was not performed and should be considered in
future studies.

A limitation of our analysis is the absence of individual
parotid gland dose data (mean dose and dose-volume
histogram parameters), which would allow direct correla-
tion of ASUV with radiation dose. The observed differenc-
es in metabolic response are attributed to the known
dosimetric advantages of proton therapy; however, with-
out patient-level parotid dose metrics, we could not defini-
tively exclude the contribution of other factors. Future
studies should incorporate detailed dosimetric data to
enable dose-response analyses.

Future investigations should also consider analyzing radi-
ation-induced metabolic changes stratified by patient-
specific factors such as age and body weight, as these
variables have been shown to influence tissue metabo-
lism in other anatomical regions. Recent studies utilizing
FDG-PET and NaF-PET imaging have demonstrated that
gender, patient age, and weight significantly affect glu-
cose uptake in various different joints and muscles [7,
38-42]. Similar age- and weight-related variations in base-
line parotid gland metabolism may modulate the magni-
tude of radiation-induced metabolic changes and influ-
ence individual susceptibility to radiation-induced salivary
gland injury. Incorporating these demographic variables
into future analyses could refine risk stratification models
and improve prediction of treatment-related toxicity [43].

The implications of these findings extend beyond com-
paring treatment modalities, pointing towards broader
applications in personalized radiation planning and to-
xicity surveillance. If confirmed in larger prospective stud-
ies, 18F-FDG-PET/CT could inform treatment selection by
identifying patients at greatest risk for salivary dysfunc-
tion, thereby guiding the use of proton therapy or other
advanced techniques, such as intensity-modulated RT as
given in this study, with strict parotid constraints. Baseline
metabolic imaging may also identify individuals with pre-
existing parotid abnormalities or heightened radiosensi-
tivity who require additional protective measures. Serial
imaging during therapy could enable adaptive therapy
modification based on early metabolic evidence of injury,
while post-treatment imaging may guide early supportive
care for xerostomia prevention and management [15].
Nevertheless, clinical adoption of metabolic imaging for
toxicity assessment faces challenges, including the need
for protocol standardization, validation across standard-
ized post-treatment time points (e.g., approximately 3
months post-RT, as in the current study) of predictive
thresholds, demonstration of cost-effectiveness, and
integration into existing clinical practice. It should be
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noted that *8F-FDG PET/CT is already established in most
clinical guidelines for HNC as a standard imaging moda-
lity at baseline staging and during follow-up when recur-
rence is suspected, which may facilitate its expanded use
for toxicity monitoring without requiring additional imag-
ing studies beyond those already recommended for on-
cologic surveillance [44, 45]. Moreover, the cumulative
radiation exposure from repeated PET/CT scans, thou-
gh modest, also warrants consideration, particularly in
younger patients and those with favorable prognoses
requiring prolonged follow-up [46].

Conclusion

This study demonstrates that proton RT produces signifi-
cantly smaller increases in parotid gland 8F-FDG uptake
compared to photon RT in HNC patients with base-of-
tongue tumors. Between-group differences were large in
magnitude (Cohen’s d=0.86-0.95) and robust to adjust-
ment for baseline SUV values and disease stage in multi-
variable regression. Non-parametric analyses confirmed
all primary findings, and a sensitivity analysis accounting
for parotid gland volume loss yielded consistent results.
These findings support *®F-FDG PET/CT as a potential
quantitative biomarker for radiation-induced parotid gl-
and injury and reinforce the clinical rationale for proton
therapy when salivary gland preservation is a priority.
Whether reduced metabolic injury translates into pre-
served salivary function and improved patient quality of
life remains to be determined. Future prospective multi-
institutional studies incorporating standardized imaging
protocols, individual parotid dose-volume data, serial
imaging time points, and correlation with objective sali-
vary function measures are warranted to validate these
findings and inform personalized treatment selection.
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