Journal of Radiotherapy in
Practice

cambridge.org/jrp

Original Article

Cite this article: El Atifi W, Mkimel M, and El
Rhazouani O. (2026) Early translational setup
instability as a triage tool for adaptive
replanning in HNSCC VMAT: a population-
based setup error and predictive analysis.
Journal of Radiotherapy in Practice. 25(el7),
1-8. doi: 10.1017/5146039692610051X

Received: 18 March 2026 UTC
Revised: 13 June 2026 UTC
Accepted: 15 June 2026 UTC

Keywords:
Adaptive radiotherapy; CBCT; head-and-neck
cancer; setup error; translational instability

Corresponding author: Wiam El Atifi;
Email: wiam98elatifi@gmail.com

© The Author(s), 2026. Published by Cambridge
University Press. This is an Open Access article,
distributed under the terms of the Creative
Commons Attribution licence (https://
creativecommons.org/licenses/by/4.0/), which
permits unrestricted re-use, distribution and
reproduction, provided the original article is
properly cited.

1 CAMBRIDGE

» UNIVERSITY PRESS

Early translational setup instability as a triage
tool for adaptive replanning in HNSCC VMAT:
a population-based setup error and predictive
analysis

Wiam EL Atifi2 @, M. Mkimel® and O. El Rhazouani*

ISciences and Engineering of Biomedicals, Biophysics and Health Laboratory, Higher Institute of Health Sciences,
Hassan First University, Settat, Morocco and 2Department of Radiotherapy, Hospital Center Ibn Rochd, Faculty of
Medicine and Pharmacy, University Hassan Il, Casablanca, Morocco

Abstract

Introduction: To quantify setup errors in head-and-neck squamous cell carcinoma (HNSCC)
volumetric modulated arc therapy (VMAT) and evaluate whether early cone-beam computed
tomography (CBCT)-derived translational shifts can triage patients at risk of dosimetric
compromise for adaptive replanning.

Methods: Weekly CBCT shifts from 50 HNSCC VMAT patients were analysed to derive
population systematic (X) and random (o) errors. Systematic errors were applied as isocentre
shifts in the Monaco treatment planning system (TPS) (n = 46) to assess planning target volume
(PTV) D95% degradation and organ at risk (OAR) dose impact. Receiver operating charac-
teristic (ROC) analysis evaluated early three-dimensional (3D) shifts (first three to four CBCTs)
as predictors of >3% PTV coverage loss.

Results: Systematic errors were small across axes (X=0-17-0-20 cm); random errors were
larger, peaking in the anterior-posterior (AP) direction (c=0-38 cm). Van Herk-derived
margins (0-69-0-74 cm) exceeded the institutional 0-3 cm expansion. Applying the systematic
error as an isocentre shift caused >3% PTV D95% loss in 39-1% of patients (18/46); all flagged
plans met CTV coverage criteria. Brainstem Dy, (4+1-23 Gy, p = 0-004) and left parotid Dy,can
(4+3-64 Gy, p < 0-001) increased significantly; the spinal cord and right parotid were unchanged.
Early 3D shifts were not significantly different between flagged and non-flagged patients
(p =0-34 and p = 0-46); ROC analysis yielded an area under the curve (AUC) of 0-49 and 0-53
(Youden cut-offs: 0-28 and 0-27 cm), indicating non-informative discrimination.

Conclusion: Early translational setup instability shows limited standalone predictive value for
PTV coverage degradation; however, population-level systematic errors remain clinically
meaningful and support proactive geometric monitoring to triage patients for adaptive
replanning in HNSCC VMAT.

Introduction

Radiotherapy plays a vital role in the management of head-and-neck squamous cell carcinoma
(HNSCC) cancers,' used alone or in combination with surgery and chemotherapy.>* Over the
past two decades, the introduction of highly conformal radiotherapy techniques, such as
intensity-modulated arc therapy (IMRT),* and volumetric modulated arc therapy (VMAT),” has
enhanced the conformation of the dose to complex targets and further spared adjacent critical
structures.® The increased conformity, however, renders these treatments more sensitive to
geometric uncertainties.”

In the head-and-neck region, reproducible patient positioning for the duration of a course of
radiotherapy remains problematic. Despite the use of thermoplastic immobilisation masks and
image-guided radiotherapy (IGRT), small setup deviations may still occur from fraction to
fraction. These deviations are usually defined in terms of systematic and random uncertainties,
which can both be incorporated into the margins used around the planning target volume
(PTV).810 Systematic errors are consistent deviations affecting all fractions in the same
direction,'! while random errors represent day-to-day variations which may vary in magnitude
and can accumulate over time.!?

Cone-beam computed tomography (CBCT) has now become the standard IGRT imaging
modality in head-and-neck radiotherapy, recording changes in patient positioning and
any changes in the anatomy and physiology of the patient over the course of treatment.!*!*
CBCT-based corrections provide a powerful tool for reducing systematic setup errors. However,
it remains uncertain whether early setup measurements may be used as reliable predictive
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surrogates for predicted later dosimetric compromises. If reliable
early geometric metrics can be identified, they may offer useful
input in decisions concerning adaptive radiotherapy (ART).

Despite the dominant role of anatomical deformation in driving
dosimetric change during HNSCC RT, translational setup varia-
tion retains independent clinical relevance that should not be
dismissed. Rigid positional errors accumulate across all fractions
and, even when modest in magnitude, act as a systematic spatial
offset superimposed on top of anatomical change—compounding
geometric misses rather than substituting for it. Moreover, the
interaction between positional instability and anatomical defor-
mation is not simply additive: a patient who is both geometrically
unstable and undergoing rapid tumour or parotid regression faces
a compounded risk of underdosage that neither metric alone
captures. This dual vulnerability is precisely the scenario in which
early monitoring could offer the greatest triage value. Early
translational CBCT shifts are attractive as a potential triage cri-
terion because they are automatically available from routine IGRT
workflow and do not require advanced deformable image regis-
tration or contour propagation. If patients with elevated early
three-dimensional (3D) shift magnitudes could be reliably iden-
tified as being at higher risk for subsequent PTV coverage deg-
radation, this information could be used to trigger intensified
monitoring, increased CBCT frequency or earlier referral for
adaptive replanning—before dosimetric compromise becomes
irreversible. Such a proactive triage strategy would align with
emerging ART frameworks. The key unresolved question is not
whether setup errors matter—they demonstrably do—but whether
early translational metrics carry a sufficient predictive signal to
serve as actionable individual-level biomarkers or whether they
must be combined with complementary indicators such as
progressive weight loss, neck diameter reduction and volumetric
shrinkage of tumour and salivary glands to achieve clinically useful
discrimination.

This article reports a retrospective study of 50 HNSCC patients
treated with curative-intent VMAT. Our primary aims were (1) to
quantify population-level systematic (X) and random (o) trans-
lational setup errors from weekly CBCT acquisitions and assess
their dosimetric consequences on PTV coverage; and (2) to
evaluate whether early 3D translational shifts—derived from the
mean of the first three to four CBCT sessions—can serve as a
triage criterion to identify patients at risk for subsequent PTV
D95% degradation of >3%, using receiver operating characteristic
(ROC) analysis. By isolating the contribution of rigid transla-
tional errors from the broader landscape of anatomical and
deformational changes, we aim to define what role, if any, early
geometric monitoring can play in a proactive ART strategy
for HNSCC.

Materials and Methods
Patient cohort and selection

This study was a retrospective analysis of a cohort of 50 HNSCC
patients treated with curative intent at our institution (Table 1),
referred to hereafter as the full cohort (N=50) (Figure 1). The
patient population was heterogeneous in primary tumour site, with
the most common locations being the larynx (n=20), naso-
pharynx (n = 20), hypopharynx (n =5), nasal cavity (n=3) and
oropharynx (n =2). All patients were immobilised with a 3-point
thermoplastic mask and treated with VMAT using the simulta-
neous integrated boost (SIB)!>¢ techniques, with prescribed doses
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Table 1. Summary of the study cohort and CBCT dataset

Number of Total Median Range
patients CBCT CBCTs per CBCTs per
Characteristic (N) scans patient patient
Value 50 271 6 3-7

that were site- and target-volume dependent and that generally
ranged between approximately 54 and 70 Gy in conventional
fractions. No patient required an interim replanning CT during the
course of treatment. A clinical margin of 3 mm (0-3 cm) was used
to expand CTVs to PTVs, in accordance with our institutional
protocol for immobilised head-and-neck patients treated with
daily image guidance.

For the purpose of the dosimetric recalculation, we selected a
cohort of 46 patients (n=46) for the dosimetric analyses. Four
patients from the original cohort of 50 were excluded because their
treatment plans were archived in a format incompatible with
Monaco treatment planning system (TPS) dose recalculation
(inaccessible plan data). Inclusion criteria for the dosimetric sub-
cohort required (1) a complete CBCT imaging dataset (>3 weekly
acquisitions), (2) accessible and recalculable clinical treatment
plans in Monaco TPS and (3) complete dosimetric data for all
delineated PT'Vs. Patients lacking any of these were excluded from
dosimetric analyses but retained in the CBCT dataset. The organ at
risk (OAR) dose analysis was restricted to the 40 patients with
larynx (n = 20) or nasopharynx (n = 20) primary tumours, as these
subsites had fully consistent and comparable OAR contouring
protocols. Patients with other primary sites were excluded
from OAR comparisons to ensure analytical homogeneity.
Consequently, parotid gland analysis included 38 patients for the
left parotid and 39 patients for the right parotid, as two patients
had parotid glands involved by tumours (infiltrated parotids) and
were excluded from the respective parotid dose analyses to avoid
confounding dosimetric interpretation.

Immobilisation and imaging workflow

All patients were treated with a standard 3-point thermoplastic
mask system. We clinically implemented our workflow using the
VMAT technique for delivery on an Elekta VERSA HD linac,
with image guidance from the onboard XVI system. The daily
setup workflow followed a standardised institutional protocol
consisting of the following sequential steps: (1) patient posi-
tioning and mask application in the supine position on the
treatment couch; (2) acquisition of orthogonal kV planar images
(anterior and lateral projections) using the XVI imaging system;
(3) rigid registration of kV images to the corresponding digitally
reconstructed radiographs (DRRs) from the planning CT, based
exclusively on bony anatomy landmarks; (4) application of
couch translational corrections (in the left-right (LR), superior-
inferior (SI), and anterior—posterior (AP) directions) derived
from the kV registration; (5) acquisition of a CBCT for the first
fraction, and weekly thereafter, to verify the final treatment
position prior to beam-on; (6) CBCT registration to the planning
CT using soft-tissue and anatomical structure matching—in
contrast to kV imaging which relies on bony landmarks, CBCT
registration incorporated the spinal cord, the PTV and CTV
structures and other critical contoured structures (OARs) to
achieve a clinically meaningful positional verification; (7) any
residual positional discrepancy identified on CBCT was
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Figure 1. Patient selection flowchart.

corrected by additional couch shifts before treatment delivery;
(8) treatment delivery of the VMAT plan after verification of
satisfactory registration.

We routinely acquired kV planar imaging (ant & lat) on
treatment day. A rigid registration based on bony structures was
performed to obtain initial couch shifts. After these were applied, a
CBCT was acquired to verify the final treatment position for
treatment delivery for the first treatment fraction.

We routinely acquired CBCT imaging weekly. The number of
weekly acquisitions was flexible at the operator’s discretion (e.g., if
the initial position was not well set) and also varied due to occa-
sional technical problems (Table 1).

Setup error and margin analysis

Setup errors were quantified using the translational shifts recorded
from the weekly CBCT images. All calculations were performed
separately for the LR, SI and AP directions. The analysis was
conducted in two sequential steps: first at the patient level and then
at the population level.

https://doi.org/10.1017/5146039692610051X Published online by Cambridge University Press

Right parotid
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For each patient, the systematic setup error was defined as the
mean of all recorded shifts during treatment.'”!® This value
represents the patient’s consistent setup deviation across fractions
and was calculated as

&= (1/n,) Zi €p,i

where ey, is the measured shift for patient p at fraction i, and n,, is
the number of CBCT scans for that patient.

The patient random setup error was defined as the standard
deviation of the individual shifts around the patient’s mean value,'”
reflecting the day-to-day variability in positioning:

op =V [(1/(np = 1)) i(eps — &)°]

At the population level, the group systematic error (X) was cal-
culated as the standard deviation of the patient-specific mean shifts
across all patients:


https://doi.org/10.1017/S146039692610051X

2= V[1/(P-1))Z, (e, —2)?]

where P is the total number of patients and é is the mean of all
patient mean shifts.

The group random error (o) was calculated as the root mean
square of the patient-specific random errors:

o =/[(1/P)%,02]

Population-based CTV-to-PTV margins were subsequently
derived using the van Herk margin formula (van Herk et al., 2000),
which was developed to ensure that 90% of patients receive at least
95% of the prescribed dose to the CTV in the presence of geometric
uncertainties. The formula is expressed as:

M = 25% + 0.70

where M is the required margin in a given translational direction,
is the population-level systematic error (standard deviation of
patient mean errors), and o is the population-level random error
(root mean square of patient standard deviations). The formula
applies a coefficient of 2.5 to the systematic component, which
dominates the margin requirement because it represents a con-
sistent directional offset affecting all fractions uniformly, and a
coefficient of 0-7 to the random component, which has a lesser
dosimetric impact due to statistical averaging across fractions.
Calculated margins for each translational axis (LR, SI and AP)
using this formula are reported in Table 5.

Dosimetric recalculation strategy

Planning system and error application

The planning and recalculation were performed on the Monaco
TPS version 6.2.2.0, connected to the MOSAIQ Record and Verify
version 2.86 SP3.

In order to create the effect of the setup error, a new dose
calculation named Plan B was created for each of the 46 patients.
Plan B was derived from the clinical plan (plan A) by shifting the
isocentre to represent the population setup systematic error in the
TPS in a rigid way without re-optimisation. By just recalculating the
dose with the isocentre already being shifted, the same monitor unit
(MU) and segmentation were preserved so that a meaningful dose
distribution could be compared. Isocentre shifts were applied along
all three translational directions (LR, SI and AP) in accordance with
the Monaco TPS coordinate convention: left is positive (4),
superior is positive (+) and anterior is positive (4). The population
systematic error values used for the shifts were all positive, cor-
responding to shifts of +0-20 cm (SI), +0-20 cm (LR) and +-0-17
cm (AP). These shifts represent the worst-case population-level
systematic deviation and were applied uniformly to all isocentres
without individual patient adjustment or plan re-optimisation to
isolate the dosimetric effect of the rigid systematic error.

Dosimetric metrics

The dosimetric implications were assessed by comparing the
recalculated plan (plan B) with the clinical plan (plan A).
Measurements of interest included target coverage. Target cov-
erage was assessed using (D95%), defined as the dose received by
95% of the PTV, with the clinical requirement of coverage being
>95% of the prescribed dose.!® PTV coverage degradation was
assessed after applying population-based systematic setup errors,
and patients were classified as dosimetrically flagged if a >3%
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reduction in coverage was observed in at least one PTV. For flagged
plans, CTV coverage was clinically reviewed by the treating
radiotherapists and deemed acceptable, though no formal stat-
istical analysis of clinical target volume (CTV) metrics was per-
formed. OAR measurements were also taken for maximum dose
(Dmax) to the spinal cord and brainstem and mean dose (Dyyeqn) to
the left and right parotids.

3D vector calculation
For each patient, the three-dimensional (3D) vector magnitude of
setup displacement was calculated using the following equation:

3Dshift = /[LR? + SI? + AP?]

Mean 3D shifts were computed across the selected early fractions
for each patient.

ROC analysis

ROC analysis was performed to evaluate the ability of early 3D
shifts to predict subsequent PTV coverage degradation. The area
under the curve (AUC) was calculated as a summary measure of
predictive performance. Optimal thresholds were determined
using the Youden index. The Youden index (J = Sensitivity +
Specificity — 1) was maximised to identify the threshold that
optimises the balance between sensitivity and specificity for pre-
dicting >3% PTV coverage degradation. This approach was chosen
over fixed empirical cut-offs to allow a data-driven optimal
threshold determination. The binary outcome (flagged vs. non-
flagged) was defined as described above, and analyses were
performed separately using the mean 3D shift from the first three
and first four CBCT acquisitions as predictor variables.

Results

Population Setup Errors Population setup uncertainties shown in
Table 2 were comparable in the SI and LR directions, with sys-
tematic errors (X) of 0-20 cm. The AP axis showed a slightly lower
systematic error of 0-17 cm. Random errors (o) were consistently
higher than systematic components across all axes, reaching a
maximum of 0-38 cm in the AP direction.

Patient Distribution: Among the 46 patients included in the
final analysis cohort, 18 patients (39-1%) were flagged for
experiencing a PTV coverage loss of 3% or greater. The remaining
28 patients (60-9%) were categorised as non-flagged, as they
maintained acceptable target coverage. Of the 18 flagged patients,
7 (38:9% of flagged; 15-2% of the total dosimetric cohort) expe-
rienced PTV D95% values falling below the institutional tolerance
threshold of 95% of the prescribed dose in at least one PTV
structure following the simulated systematic error shift. These
cases represent instances where the simulated setup error produced
clinically intolerable PTV underdosage, thereby substantiating the
clinical relevance of the geometric findings.

Early 3D Shift Comparison (First 3 and First 4 CBCTs): As
detailed in Table 3, the mean early 3D setup shift measured during

Table 2. Population systematic (s) and random (o) setup errors by translational
axis

Metric Sl LR AP
Population setup systematic error (%) 0-20 0-20 0-17
Population setup random error (o) 0-34 0-29 0-38
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Table 3. Early 3D shift comparison using first 3 and first 4 CBCTs

Group n Mean 3D shift SD p-Value
First 3 CBCTs (~15 fractions)
Flagged 18 0-30 0-14 0-34
Non-flagged 28 033 0-26
First 4 CBCTs (~20 fractions)
Flagged 18 0-31 0-15 0-46
Non-flagged 28 0-32 0-24
Table 4. ROC analysis for prediction of >3% PTV degradation
Model AUC Optimal cut-off Sensitivity Specificity
First 3 CBCTs 0-49 0-28 61% 50%
First 4 CBCTs 0-53 0-29 67% 54%

Table 5. PTV margins

Margins (cm)

Metric Sl LR AP Sl LR AP

Population setup 0-2 0-2 0-17 074 070 0-69
systematic error (X)

Population setup random 034 029 038
error (o)

the first three CBCT assessments was 0-30 cm for flagged patients
and 0-33 cm for non-flagged patients. This difference between the
two groups was not statistically significant (p =0-34). When the
analysis was extended to the first four CBCT scans, mean 3D shifts
remained similar between the flagged (0-31 cm) and non-flagged
(0-32 cm) groups. No statistically significant difference was
observed, with a p-value of 0-46.

ROC analysis for PTV degradation: The ROC analysis results in
Table 4 show limited predictive performance for early 3D shifts,
with AUC values of 0-49 for the first three CBCTs and 0-53 for the
first four CBCTs. While sensitivity ranged from 61 to 67%, the
specificity of these models remained between 50 and 54%.

Table 5 presents the PTV margins calculated from the pop-
ulation-based setup errors, resulting in requirements of 0-74 cm in
the ST axis, 0-70 cm in the LR axis and 0-69 cm in the AP axis. These
margins are listed alongside the measured systematic and random
errors used for the calculation.

Dosimetric Impact on OARs: The comparison of dosimetric
parameters in Table 6 shows significant dose increases in the
shifted plan (Plan B) for the brainstem Dy, (+1-23 Gy, p = 0-004)

Table 6. Descriptive statistics for OAR doses

and the left parotid Dy, (+3-64 Gy, p <0-001). In contrast,
changes to the spinal cord Dy, and right parotid Dy, were not
statistically significant.

Discussion

The present study investigated whether early translational setup
behaviour observed during the initial CBCT sessions could serve as
a surrogate indicator for subsequent dosimetric instability in
head-and-neck VMAT with SIB. In addition to characterising
population-based setup uncertainties, the study evaluated the
impact of systematic setup errors on target coverage and OAR
dosimetry while exploring the potential role of early imaging-
derived setup metrics in identifying patients who may require
closer ART surveillance or replanning.

Population systematic setup errors were relatively small and
comparable across translational axes (X=0-17-0-20 cm), sug-
gesting effective immobilisation and image-guided setup correc-
tion throughout treatment. In contrast, random errors were
consistently larger, particularly in the AP direction (¢ =0-38 cm),
indicating that interfraction variability remained the dominant
contributor to geometric uncertainty. This pattern is clinically
important in highly conformal head-and-neck VMAT treatments
because steep dose gradients increase sensitivity to daily positional
variations. The predominance of random over systematic error
components is consistent with previous CBCT-based inves-
tigations in head-and-neck radiotherapy, where daily variations
related to swallowing, neck flexion, shoulder positioning and
patient comfort were identified as major contributors to setup
instability.?0-%*

Using the measured population errors, calculated setup mar-
gins ranged from 0-69 to 0-74 cm across axes, substantially larger
than the institutional CTV-to-PTV expansion of 0-3 cm used
clinically in this cohort. This observation suggests that the applied
margin may provide limited robustness against the full extent of
population-derived setup uncertainty, particularly when consid-
ering accumulated interfraction variability. Nevertheless, the rel-
atively small systematic errors observed imply that daily image
guidance and online setup correction likely compensated for a
substantial proportion of geometric deviations before treatment
delivery. Therefore, the findings should not be interpreted as
evidence of inadequate treatment practice, but rather as high-
lighting the dependence of tight-margin strategies on consistent
volumetric IGRT and immobilisation accuracy. In modern head-
and-neck radiotherapy workflows, narrow margins can remain
clinically acceptable when supported by rigorous CBCT verifica-
tion and correction protocols.

The dosimetric simulation further demonstrated that even
small systematic setup deviations may produce clinically relevant
target coverage degradation in selected patients. After introducing
the population systematic error into the TPS without replanning or

Structure N Plan A mean + SD Plan B mean = SD Mean difference (B-A) p-Value
Brainstem (Dmax) 40 39-28 + 16-56 40-51 + 15-89 +1-23 0-004
Spinal cord (Dpax) 40 39:85 + 3:55 39:73 + 3-65 —0-12 0-600
Left parotid (Dmean) 38 36-65 + 9-68 40-29 + 9:02 +3-64 <0-001
Right parotid (Dmean) 39 38.87 + 11-45 38-44 + 10-74 —0-43 0-435
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Figure 2. Receiver operating characteristic (ROC) curve for early cone-beam com-
puted tomography (CBCT) shifts (first 4 CBCTs). The ROC curve illustrates the pre-
dictive performance of early three-dimensional setup shifts for identifying patients
with >3% PTV coverage degradation.

re-optimisation, 39-1% of patients experienced >3% PTV coverage
loss. Although the magnitude of reduction was moderate, such
decreases may still be important in SIB-based VMAT plans due to
the high conformality of dose distributions and the proximity of
critical organs. These findings reinforce the importance of main-
taining geometric precision throughout treatment and support the
concept that certain patients may exhibit increased susceptibility to
dosimetric deterioration despite apparently acceptable average
setup performance.

The OAR analysis similarly demonstrated that setup-related
geometric perturbations may influence normal tissue dose dis-
tributions. Significant dose increases were observed for the
brainstem and left parotid gland, whereas spinal cord and right
parotid doses remained relatively stable. The observed increase in
left parotid mean dose is clinically noteworthy because parotid
glands are highly sensitive to positional and anatomical changes
during treatment. In contrast, the absence of significant spinal cord
dose variation may reflect the relative geometric stability of cen-
trally located serial organs within the immobilisation framework.
Opverall, these findings suggest that setup uncertainties may not
uniformly affect all OARs and that anatomical location and sur-
rounding dose gradients strongly influence dosimetric sensitivity.

Despite the measurable dosimetric impact of simulated setup
errors, early translational setup shifts derived from the first three or
four CBCTs did not reliably discriminate patients who later
developed target coverage degradation. Mean 3D shifts were
comparable between flagged and non-flagged groups, and ROC
analysis yielded AUC values close to 0-5, indicating essentially
non-informative predictive performance (Figure 2). Although
sensitivity values reached 61-67%, specificity remained limited,
reducing potential clinical utility as a standalone predictive tool.
Importantly, extending the analysis from the first three to the first
four CBCTs produced only minimal improvement in predictive
discrimination, suggesting that increasing the number of early
CBCT observations alone may not substantially enhance pre-
diction accuracy when using rigid translational metrics exclusively.

Based on the analysis of setup errors across patients with
varying numbers of CBCT imaging sessions, the data suggest that
increasing the frequency of CBCT imaging does not inherently lead
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to a reduction in the magnitude of setup shifts (Figure 3). The
results indicate no clear correlation between the total number of
CBCTs performed and the average absolute shift, with patient-
specific setup errors generally stabilising between 0-20 and 0-30 cm
across all cohorts. This plateau effect implies that the measured
shifts are primarily driven by random daily setup variations—such
as internal anatomical motion or minor inconsistencies in patient
positioning—which persist regardless of the frequency of imaging.
While the AP axis demonstrates a consistent baseline error
magnitude, the fluctuations observed in the SI and LR axes appear
to be characteristic of individual patient variability rather than a
systematic outcome of the imaging protocol.

These findings shift the interpretation of setup analysis away
from the simplified concept that ‘setup errors directly predict dose
degradation’ towards a more clinically relevant perspective in
which early translational instability may contribute to identifying
patients who could benefit from intensified adaptive surveillance.
In this context, early setup behaviour may still possess triage value
when interpreted alongside additional anatomical and dosimetric
information rather than as an isolated predictive biomarker.

The lack of strong correlation between early translational shifts
and subsequent dosimetric degradation further suggests that rigid
setup metrics alone do not adequately capture the dominant
mechanisms underlying adaptive changes in head-and-neck
radiotherapy. Clinically significant dose modifications are known
to arise from multiple non-rigid anatomical processes, including
weight loss, tumour regression, parotid shrinkage, soft-tissue
deformation and density changes throughout treatment.?*->
Several longitudinal CBCT and replanning studies have demon-
strated progressive reductions in target coverage and increases in
parotid dose despite acceptable daily setup corrections, empha-
sising the substantial contribution of anatomical deformation
beyond rigid translational displacement.?® Consequently, trans-
lational setup vectors alone appear insufficient for robust
prediction of dosimetric instability.

From a clinical workflow perspective, the present findings
support the importance of maintaining frequent volumetric image
guidance in head-and-neck VMAT treatments, particularly when
tight PTV margins are employed. Since random interfraction
variability exceeded systematic error magnitude and approached
or surpassed the applied 0-3 cm margin in certain directions,
reliance on weekly verification imaging alone may be insufficient to
ensure geometric robustness in all patients. Instead, frequent
CBCT imaging combined with online correction remains
important for minimising accumulated setup uncertainty and
preserving target conformity. However, the results also suggest that
increasing CBCT frequency without incorporating anatomical or
deformable information may not adequately identify patients at
highest risk for adaptive replanning.

Accordingly, future ART strategies may benefit from composite
triggering approaches integrating multiple indicators, including
setup instability, anatomical deformation, volumetric changes and
early dosimetric trends. Such multimodal adaptive frameworks
may provide improved identification of patients requiring
replanning compared with rigid translational metrics alone. The
development of deformable dose accumulation methodologies and
Al-assisted longitudinal imaging analysis may further improve
individualised adaptive decision-making in head-and-neck
radiotherapy.

Several limitations should be acknowledged. First, deformation
and anatomical volume changes were not quantitatively evaluated,
limiting assessment of the non-rigid contributors to dosimetric
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Figure 3. Impact of cone-beam computed tomography (CBCT) frequency on average absolute setup shifts. Each data point represents the mean absolute translational shift
magnitude per patient, plotted against the total number of CBCT acquisitions performed during treatment. Curves are shown separately for three translational axes: AP (anterior-
posterior), Sl (superior-inferior), and LR (left-right). Horizontal dashed lines indicate the corresponding population random errors (o) derived from the full cohort.

degradation. Second, the study applied a population-based sys-
tematic error simulation rather than patient-specific accumulated
dose recalculation, which may not fully reproduce individual
treatment evolution. Finally, the analysis of the dosimetric
evaluation was restricted to PTV-based metrics, which were used
as the primary endpoint. Consequently, CTV dosimetric analysis
was not performed, limiting the assessment of the direct impact of
setup errors on target volume coverage. Despite these limitations,
the study provides clinically relevant insight into the relationship
between setup uncertainty, margin robustness and early ART
assessment in head-and-neck VMAT.

Conclusion

This study demonstrates that population-level translational errors
in HNSCC VMAT, though modest in magnitude, are sufficient to
induce clinically relevant PTV coverage degradation in a sub-
stantial proportion of patients, underscoring the value of early
geometric monitoring as a proactive triage tool. Critically, how-
ever, early 3D translational shifts from the first three to four CBCT
acquisitions alone lack the discriminatory power to reliably
identify which individual patients will experience dosimetric
compromise. This finding redirects the clinical framing: rather
than relying on early rigid setup metrics as a standalone trigger for
adaptive replanning, institutions should consider integrating
translational instability with complementary anatomical indicators
—such as progressive weight loss, parotid shrinkage and tumour
regression—into composite adaptive triggers.
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