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Abstract

Background: Daily cone-beam computed tomography (CBCT) image-guided registration improves prostate radiotherapy accuracy; however, its dosimetric impact in routine practice, particularly in resource-limited settings, remains under-reported.

Aim: To evaluate the effect of daily CBCT image-guided couch shifts on delivered planning target volume (PTV) dose during moderately hypofractionated prostate radiotherapy.

Setting: The study was conducted at Steve Biko Academic Hospital in Pretoria, South Africa.

Methods: This retrospective study included 30 patients treated for localised prostate cancer between 2019 and 2022 with moderately hypofractionated radiotherapy (60 Gy in 20 fractions) delivered using volumetric arc radiotherapy. Daily CBCT-based soft-tissue registrations were used to derive couch shifts. CBCT datasets were incorporated into the treatment planning systems for dose recalculation using original beam parameters, after transferring anatomical information from CBCT to planning computed tomography (CT) images. Planned versus delivered PTV D98% and D2% were compared using analysis of variance (ANOVA), and regression analysis assessed associations between shift magnitude and dose variation.

Results: No significant differences were observed between planned and delivered PTV doses (D98%: p = 0.201; D2%: p = 0.135). Inferior shifts were associated with small reductions in D98%, while superior shifts predicted reductions in D2% (p < 0.05). All variations remained within the clinical threshold.

Conclusion: Daily CBCT image-guided couch corrections maintain dosimetric accuracy during hypofractionated prostate radiotherapy and support safe implementation of tight PTV margins in resource-constrained public-sector healthcare settings.

Contribution: The findings could be used to determine couch-shift baseline protocols for facilities with limited resources.
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Introduction

Prostate cancer is a leading cause of cancer-related mortality and the second most frequently diagnosed malignancy among men worldwide.1 In South Africa, it is the most prevalent cancer among men and represents a significant proportion of cases treated at tertiary radiation oncology centres.2 The widespread adoption of prostate-specific antigen (PSA) testing and improved diagnostic imaging has led to earlier detection, with an increasing proportion of patients presenting with localised disease amenable to curative radiotherapy.3

External beam radiotherapy (EBRT) is a cornerstone in the management of localised prostate cancer. Advances in treatment delivery, including intensity-modulated radiotherapy (IMRT) and volumetric modulated arc therapy (VMAT), have enabled highly conformal dose distributions while sparing surrounding organs at risk (OARs), particularly the bladder and rectum.4,5

Increasing radiobiological evidence supports the use of hypofractionation in prostate cancer due to its low α/β ratio, suggesting enhanced sensitivity to larger fraction sizes.6,7 Phase III trials, including Conventional or Hypofractionated High-dose Intensity Modulated Radiotherapy in Prostate cancer (CHHiP) and PROstate Freactionated Irradiation Trial (PROFIT) studies, have demonstrated that moderately hypofractionated regimens (e.g. 60 Gy in 20 fractions) are non-inferior to conventional fractionation in terms of tumour control and toxicity.8,9 These findings have informed international guidelines and clinical practices10,11 These guidelines have been incorporated into departmental protocols at the Department of Radiation Oncology, at a Gauteng Academic Hospital, a tertiary academic centre providing radiotherapy to Northern Gauteng and neighbouring provinces.

The safe implementation of hypofractionation requires a high degree of geometric accuracy, as increased dose per fraction and reduced planning target volume (PTV) margins amplify the impact of setup uncertainties and organ motion. Daily variation in prostate position, primarily due to bladder and rectal filling, necessitates the use of image-guided radiotherapy (IGRT). Planning target volume margins are applied to ensure adequate clinical target volume (CTV) coverage despite residual setup uncertainty and organ motion. However, larger margins increase the volume of adjacent OAR, particularly the rectum and bladder, exposed to radiation. The optimal CTV-PTV margin therefore represents a balance between adequate target coverage, according to International Commission on Radiation Units (ICRU) measurements and may vary between institutions according to the immobilisation method, patient preparation protocol, treatment technique, image registration procedure, correction strategy and availability of intra-fraction monitoring. Previous studies have investigated prostate motion and margin adequacy using fiducial markers, iterative CBCT, deformable dose accumulation, real-time tracking and online adaptive radiotherapy.12,13,14,15 However, these technologies are not universally available, particularly in resource-constrained public-sector radiotherapy services. Furthermore, daily pre-treatment CBCT corrects detected positional deviations but does not eliminate residual anatomical variation or intra-fraction motion.

Daily cone beam computed tomography (CBCT) enables soft-tissue visualisation and facilitates online correction of setup deviations through translational couch shifts. This takes place before each fraction, allowing real-time couch-shift corrections to align the prostate accurately to the treatment isocentre. While daily CBCT-guided corrections are widely implemented, there remains limited evidence quantifying their direct dosimetric impact on delivered dose distributions in routine clinical workflows, particularly in resource-constrained public-sector settings.

The reference plan, which is calculated on the simulation CT, may therefore not fully represent the dose distribution associated with daily changes in patient anatomy. Institution-specific evaluation is consequently required to determine whether the margins used with a routine CBCT-guided correction protocol consistently maintain adequate PTV dose coverage.

At the study institution, a CTV to PTV margin of 7 mm in all directions, reduced to 5 mm posteriorly, has been used for moderately hypofractionated prostate radiotherapy delivered using VMAT. Although this margin is consistent with ranges reported in the literature, its dosimetric adequacy within the institution’s daily CBCT-guided workflow had not previously been evaluated.

This study therefore aims to evaluate the dosimetric consequences of daily CBCT-guided couch shifts by comparing planned and delivered PTV dose metrics in patients receiving moderately hypofractionated prostate radiotherapy. The findings seek to establish a local evidence base to support margin optimisation and future implementation of advanced hypofractionated protocols.

Research gap

Image guidance with the use of CBCT has been used for prostate motion correction during treatment setup verification.16 Although daily CBCT-guided soft-tissue matching is routinely used for prostate radiotherapy, limited evidence exists regarding its dosimetric consequences following actual couch corrections in South African public-sector radiotherapy departments.

The image guidance observes and corrects for inter-fractional motion due to anatomical changes to ensure that treatment techniques such as VMAT are accurately delivered, and dose distribution about these changes during the daily fractional treatments is still predicted by the reference plan and do not correspond to the delivered treatment.17

Methods

Study design

This retrospective single-centre study was conducted at the Department of Radiation Oncology, Gauteng Academic Hospital, South Africa. Clinical records were reviewed to identify 30 consecutive patients with localised prostate cancer who received prostate-only, moderately hypofractionated external beam radiotherapy using VMAT. A total dose of 60 Gy in 20 fractions was prescribed. All included patients had a complete set of 20 daily CBCT images acquired before treatment delivery.

Pelvic immobilisation was achieved through the ProSTEP® Elekta (Stockholm, Sweden). All treatments were delivered using an Elekta Versa High Definition linear accelerator (Elekta AB, Stockholm, Sweden), with daily image guidance using the onboard CBCT imaging system.

A standardised bladder filling and rectal emptying protocol was implemented throughout treatment. Patients were instructed to empty their bladder and then consume 300 mL – 500 mL of water approximately 30 min before treatment. The aim was to achieve comfortable bladder distension, defined as approximately two-thirds bladder filling.

Rectal emptying was facilitated through a high fibre diet and the use of laxatives when required, with the aim of maintaining the anteroposterior rectal diameter at less than 4 cm. Bladder filling and rectal distension were assessed on each pre-treatment CBCT image before treatment delivery.

Cone beam computed tomography image analysis and dose recalculation

The daily pre-treatment CBCT datasets were retrieved from the online verification system and imported into the Monaco Treatment Planning System (Elekta AB, Stockholm, Sweden). Target volumes and OARs, including the bladder and rectum, were re-contoured on each CBCT dataset. Contouring was performed with input from an experienced radiation therapist and a radiation oncologist to ensure anatomical accuracy and consistency.

Each CBCT dataset was subsequently re-planned using the original treatment beam arrangement and planning parameters to maintain comparability with the corresponding reference planning CT. Dose was recalculated using the anatomy represented on each CBCT dataset.

Patient selection

Thirty patients with histologically confirmed localised prostate adenocarcinoma treated between 2019 and 2022 were included in this study. Eligibility criteria are discussed in the next section.

Inclusion criteria

The inclusion criteria included the following:


	Intermediate- or high-risk disease according to the National Comprehensive Cancer Network (NCCN) classification.

	Treatment with VMAT to a total dose of 60 Gy in 20 fractions.

	Availability of all 20 daily pre-treatment CBCT datasets.



Exclusion criteria

The exclusion criteria included the following:


	Low-risk disease.

	Regional nodal involvement.

	Metastatic (Stage IV) disease.

	Incomplete or poor-quality CBCT imaging datasets.



Simulation and patient preparation

All patients underwent CT simulation using a Philips Brilliance Big Bore CT scanner (Philips Medical Systems, The Netherlands). Patients were positioned supine and immobilised using a ProSTEP® immobilisation device to ensure reproducibility.

Standardised bladder and rectal preparation protocols were implemented. Patients were instructed to empty their rectum before simulation and treatment. Bladder preparation was achieved by consuming 300 mL – 500 mL of water approximately 45 min before imaging, aiming for consistent and comfortable bladder filling (at least two-thirds full). Patients were encouraged to follow a high fibre diet during treatment, and mild laxatives were prescribed to achieve regular rectal voiding. The intent was to minimise rectal distension with an acceptable luminal calibre of ≤ 4 cm at widest extent. Optimal compliance of bladder and rectal volume was prioritised prior to CBCT corrections.

Computed tomography images were acquired with a slice thickness of 2 mm–3 mm, and the CBCT images were acquired with the preset of KV collimator S20, KV filter F0 and KV panel position at small. These datasets were then imported into the Monaco Treatment Planning System (Version 5.11.03; Elekta AB, Stockholm, Sweden) for treatment planning.

Target delineation and radiotherapy treatment planning

Target volumes and OARs were delineated in accordance with ICRU Report 83 recommendations. Clinical target volume (CTV): Prostate gland. Planning target volume (PTV): CTV with a uniform 7 mm all round, and 5 mm posteriorly to minimise rectal dose.18,19

Volumetric modulated arc therapy treatment plans were generated using at least two full arcs on the Elekta Versa HD platform. The prescribed dose was 60 Gy delivered in 20 fractions (3 Gy per fraction), consistent with a moderately hypofractionated regimen. PTV and OAR constraints are detailed in Table 1. These were derived from published French Genitourinary group guidelines.20
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Image-guided radiotherapy and couch shifts

Daily pre-treatment CBCT imaging was performed using the Elekta Versa HD onboard imaging system. Soft-tissue registration was conducted before treatment delivery to align the prostate with the reference planning CT (as seen on Figure 1).
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Image registration was performed using a six-degree-of-freedom (6-DoF) algorithm. However, in routine clinical practice, only translational corrections (three degrees of freedom: (1) lateral, (2) longitudinal and (3) vertical) were applied. Rotational deviations of less than 3° were considered acceptable and were not corrected.

All applied couch shifts were systematically recorded in the Elekta Mosaiq record-and-verify system for subsequent analysis.

Cone beam computed tomography processing and dose recalculation

Cone beam CT datasets were exported from the online verification system and imported into the Monaco Treatment Planning System for analysis. Each CBCT dataset was rigidly registered to the corresponding planning CT to ensure accurate spatial alignment.

Given the known limitations of CBCT Hounsfield Unit (HU) accuracy for dose calculation, anatomical information from the CBCT was mapped onto the planning CT dataset. Dose recalculation was therefore performed on the reference CT using the CBCT-derived anatomy to maintain dosimetric accuracy (as seen in Figure 2).
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For each treatment fraction, a corresponding recalculated plan was generated. No modifications were made to beam geometry, optimisation parameters, normalisation or monitor units. This approach ensured direct comparability between the original planned dose distribution and the recalculated dose based on daily anatomical variation.

Dose - Volume Histogram (DVHs) were generated for both the original treatment plans and the recalculated plans based on daily CBCT anatomy.

The primary dosimetric endpoints were:


	Planning target volume D98%, representing near-minimum target dose and a surrogate for target coverage.

	Planning target volume D2%, representing near-maximum dose within the target volume.



Differences between planned and recalculated dose metrics were evaluated on both a per fraction basis and cumulatively across all treatment fractions.

Dosimetric variation in OARs was recorded; however, these parameters were not included in the primary analysis.

The workflow of image registration and import into the planning system and re-plan

Following the CT simulation, the acquired CT images were exported to the treatment planning system (Elekta Monaco). The radiation oncologist delineated the target volumes and OARs, after which the radiotherapist and medical physicist developed the treatment plan and performed the necessary quality assurance (QA) procedures. Once approved, the treatment plan was transferred to the linear accelerator (Linac) for treatment delivery. Before each treatment session, patient positioning was verified using CBCT imaging, with the images archived in the record-and-verify system (Elekta MOSAIQ).

For this study, the archived CBCT images were retrieved and contoured (as seen in Figure 3). The contoured CBCT datasets were subsequently imported into the treatment planning system, where treatment re-plans were generated and optimised.
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The original treatment plans and the CBCT-based re-plans were then evaluated to compare the dosimetric parameters and quantify any dose deviations (as seen in Figure 4).
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Methodology workflow

Step 1: Illustrates the CBCT image fused with the CT image before table correction is applied and treatment takes place.

Step 2: Illustrates the CT and CBCT images fusion after CBCT image import into the planning system.

Step 3: Illustrate the plan optimisation of the CBCT (re-plan).

Statistical analysis

Statistical analysis was performed using Statistical Package for the Social Sciences (SPSS) (Version 28, International Business Machine [IBM] Corp., Armonk, New York, United States). Descriptive statistics were used to summarise couch shifts and dosimetric parameters. Normality was assessed using skewness and kurtosis measures.21 The collected data in the form of couch-shift values (cm), also plans and re-plans in terms of absorbed dose, were entered into IBM, SPSS (Version 28, IBM Corporation, Armonk, New York, United States 2021) software for conducting the analysis where the p-value statistical significance or non-significance was assessed. Initially, data cleaning was executed to identify any anomalies. The subsequent analyses encompassed descriptive statistics including means, 95% confidence intervals, standard deviations, medians, IQR and measurements of skewness and kurtosis. Boxplots were employed to visually illustrate the distribution of average couch shifts. A scrutiny for normality indicated data skewness; hence, nonparametric Spearman’s Rho correlation was employed to assess the presence of significant correlations between the couch-shift measurements and the dosimetry.

A multiple linear regression model was employed to ascertain whether couch shifts could serve as predictors of dosimetry. The significance level is the probability of rejecting the null hypothesis when the null hypothesis is in fact true. The p-value is defined as the probability, assuming the null hypothesis of no effect or difference, of obtaining a result as extreme as or more extreme than the one observed. The significance level (α) was set at α < 0.05, with outcomes deemed significant if the resultant p-value was < 0.05. To compare mean shifts (standard deviation) in each direction of the couch shifts, analysis of variance (ANOVA) analysis was employed. It is a statistical formula that is most employed for hypothesis testing at present. It spans a diverse range of applications and possesses the adaptability to accommodate a wide array of experimental designs. It is used to compare variances across the means of different groups and also involves handling each treatment as a quantitative variable, assigning a value of 1 when it is present and 0 when it is absent.21

Spearman’s rank correlation coefficient was used to evaluate associations between couch shifts and dosimetric variation due to non-normal data distribution.

Differences between planned and delivered PTV dose metrics (D98% and D2%) were assessed using one-way ANOVA.

Multiple linear regression analysis was performed to determine whether couch-shift magnitude and direction predicted dosimetric variation. A p-value < 0.05 was considered statistically significant.

Ethical considerations

Ethical approval for this study was obtained from the Faculty of Health Sciences Research Ethics Committee at the University of Pretoria (Reference No. 260/2022). Given the retrospective nature of the study, a waiver of informed consent was granted by the Committee.

All patient data were anonymised during data extraction, documentation and analysis to ensure confidentiality and compliance with ethical standards.

Results

A total of 30 patients (600 fractions; 600 CBCT datasets) met the inclusion criteria. All patients completed the prescribed course of 60 Gy in 20 fractions. All the datasets were included once they satisfactorily met image quality and image registration requirements.

Magnitude and direction of couch shifts

Daily CBCT-guided soft-tissue registration resulted in measurable translational couch shifts across all axes (as seen in Figure 5).
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Mean (± s.d.) shifts are described in Table 2. Shifts to the left were a mean of 0.08 ± 0.06 cm, while to the right, shifts averaged 0.06 ± 0.04 cm.
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The largest displacements were observed in the superior and posterior directions. Shifts exceeding 5 mm were infrequent.

Planned versus delivered planning target volume dose

Mean PTV D98% was 57.8 ± 1.18 Gy for planned doses and 57.4 ± 1.67 Gy for delivered doses, with no statistically significant difference (F = 1.57, p = 0.201).

Similarly, PTV D2% values showed no significant difference between planned (62.97 ± 0.39 Gy) and delivered doses (62.94 ± 0.60 Gy; F = 1.84, p = 0.135).

All patients maintained PTV coverage above the institutional threshold (D98% ≥ 57 Gy). Twenty-five patients (83%) demonstrated < 3% deviation between planned and delivered D98%, while the remaining patients showed deviations > 3% that did not compromise clinical acceptability.

Between couch shifts and dosimetric variation

Spearman correlation analysis demonstrated a statistically significant association between superior shifts and reduced PTV D2% (r = –0.37, p = 0.04). No other directional shifts showed significant correlations with PTV dose metrics.

Predictive modelling

Multiple linear regression analysis did not demonstrate a significant overall model for predicting variation in PTV D98% (F = 1.57, p = 0.20) or D2% (F = 1.84, p = 0.135).

However, inferior shifts were independently associated with a small reduction in D98% (β = –0.46, p = 0.05), and superior shifts predicted a reduction in D2% (β = –1.91 Gy, p = 0.01).

Despite statistical significance, all observed variations remained within clinically acceptable dose constraints.

Overall dosimetric stability

Across all 600 fractions (datasets), planned and delivered dose–volume histograms demonstrated strong agreement. No clinically meaningful under dosage or over dosage of the PTV was observed (as seen on Figure 6).
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Mean PTV D98% was 57.8 ± 1.18 Gy for planned doses and 57.4 ± 1.67 Gy for delivered doses, with no statistically significant difference (F = 1.57, p = 0.201).

Similarly, PTV D2% values showed no significant difference between planned (62.97 ± 0.39 Gy) and delivered doses (62.94 ± 0.60 Gy; F = 1.84, p = 0.135).

Comparison of planned vs delivered target dose

Planning target volume D98% (minimum dose)

Across all patients and fractions, PTV coverage remained within acceptable limits after couch correction (as seen in Figure 7):


	Planned D98% (mean ± s.d.): 57.8 ± 1.18 Gy.

	Delivered (re-plan) D98%: 57.4 ± 1.67 Gy.

	ANOVA: F = 1.57, p = 0.201 (no significant difference).
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Coverage threshold met

Out of 30 patients, 25 (83%) had < 3% difference between planned and delivered D98%. Five patients (17%) had deviations > 3%, but all remained ≥ 57 Gy.

Planning target volume D2% (maximum dose)

Delivered hotspot doses closely matched the planned distribution (as seen in Figure 7):


	Planned D2%: 62.97 ± 0.39 Gy.

	Delivered D2%: 62.94 ± 0.60 Gy.

	ANOVA: F = 1.84, p = 0.135 (no significant difference).

	Hotspot threshold met (≤ 63 Gy): 55% of fractions delivered ≤ 63 Gy. Remaining fractions were slightly abov9e the threshold but within acceptable clinical variance.



Correlation between couch shifts and dose variation

Spearman correlation analysis showed that couch shifts were significantly associated with a reduction in D2%, r = –0.37, p = 0.04). No significant correlations were observed between couch shifts and D98% or D2% in the other axes. The analysis included shifts in the superior–inferior (SI), right (RT), left (LT), and anterior–posterior (AP) directions across 30 cases and 20 treatment fractions.

Dose variation

D98% (minimum dose): Multiple linear regression evaluating all six shift directions did not show a significant mode. Overall model: F = 1.57, p = 0.20.

When tested individually, inferior shifts independently predicted a small reduction in D98%, β = –0.46 and p = 0.05. The effect size was < 5% and did not compromise target coverage.

D2% (maximum dose): The multivariable model was not significant. Overall model: F = 1.84, p = 0.135. Shift in the superior (SUP) direction independently predicted a reduction on D2%. β = –1.91 Gy and p = 0.01. This effect reduced D2% (hotspot dose) but remained within planning tolerance.

Overall dosimetric stability

Across all 600 treatment fractions planned and delivered, DVHs showed excellent agreement. No clinically meaningful under dosage or over dosage of the PTV was observed, and tight 3mm–5-mm PTV margins were maintained safely. Daily CBCT-guided corrections were adequate to preserve target coverage despite small day-to-day prostate motion.

Discussion

This study evaluated the dosimetric impact of daily CBCT-guided soft-tissue registration and couch-shift correction in patients undergoing moderately hypofractionated prostate radiotherapy. The results demonstrate that, despite measurable interfraction motion, delivered dose distributions remained highly consistent with planned values, with no statistically or clinically significant deviations in PTV D98% or D2%.

Clinical safety of tight planning target volume margins

Clinical target volume to PTV margins are intuitionally dependent and are determined by the treatment technique available to ensure correct PTV position and the impact of organ motion on target localisation. In a comprehensive review, Yartsev et al. evaluated multiple clinical trials evaluating CTV to PTV margins in prostate cancer. This includes margins utilised and techniques applied for correction of organ motion. A 7-mm / 5-mm anisotropic margin used at out institute matches the overall CBCT range and is more conservative anteriorly and laterally while in keeping with most frequently used 5-mm margin posteriorly. Oehler et al calculated a 7.2-mm anterior, 5.5-mm posterior, 7.1-mm sup-inf and 5.5-mm lateral margin using IGRT or CBCT with KV/Kv fiducials. This study also concluded that IGRT margins fell within 5 mm – 8 mm range which supports a 7 mm anterior and lateral margin application. Li et al. validated soft-tissue image guidance with clinical 8/5-mm plans and found that after online soft-tissue alignment, 8/5 mm met CTV coverage criteria in 95% of fractions, while 6/4 mm did so in 91%.19,22,23

This study evaluated the dosimetric impact of daily CBCT-guided soft-tissue alignment and couch-shift corrections during moderately hypofractionated VMAT for localised prostate cancer. Across 600 fractions in 30 patients, daily image guidance resulted in small but consistent translational corrections, predominantly in the superior–inferior and anterior–posterior directions. Despite these shifts, delivered dose distributions remained closely aligned with the planned DVHs, with no statistically significant differences in PTV D98% or D2%. These findings confirm that daily soft-tissue IGRT maintains dosimetric doses as prescribed robustness in hypofractionated prostate radiotherapy and support the implementation of tight PTV margins.18

Dosimetric impact of interfraction motion

Day-to-day variability in prostate position is well recognised and driven largely by changes in rectal and bladder filling.24 Numerous studies have shown that prostate motion can exceed 5 mm in any direction and may compromise coverage in hypofractionated regimens, where larger doses per fraction magnify the effect of geometric inaccuracy.25 Similar to previous reports, this study found that the majority of corrections occurred in the superior and posterior directions, reflecting the variability in rectal filling.26,27 Maund et al. demonstrated that the nature of the shifts facilitated a reduction in CTV to PTV margins, with a significant reduction in OAR dose, most notable in the rectal dose.27

Importantly, despite these shifts, delivered D98% values stayed above the departmental coverage threshold (≥ 57 Gy) for all patients, with 83% showing < 3% difference between planned and delivered values. This high concordance indicates that daily CBCT-guided prostate alignment is sufficient to maintain PTV coverage even with small PTV margins of 5 mm – 7 mm.

Influence of couch shifts on dosimetric variation

Although overall differences between planned and delivered dose metrics were not statistically significant, directional associations were observed. Inferior shifts were associated with small reductions in D98%, while superior shifts were linked to modest decreases in D2%.

These findings are consistent with previous dose-tracking studies, where shifts along steep dose gradients result in measurable but clinically minor variations in dose distribution. Importantly, in this study, all observed changes remained within established planning constraints, indicating that the magnitude of these effects is unlikely to be clinically significant when daily IGRT is applied.

Role of daily image-guided radiotherapy in hypofractionation

These effects were statistically significant but clinically negligible, with all dose variations remaining within accepted constraints. Similar directional effects have been reported in dose-tracking studies, where shifts along the prostate’s steeper dose gradients produce modest changes in minimum or maximum dose.28,29 One of these studies included treatment plans from both pencil beam scanning and proton beam therapy as well as VMAT.29 Our findings confirm that the magnitude of these changes is small when rigorous daily IGRT is applied, implying that IGRT plays an important role in treatment setup of hypofractionated prostate treatments.

The robustness of dose delivery observed in this study reinforces the critical role of daily image guidance in hypofractionated prostate radiotherapy. Larger fraction size increases the biological impact of geometric uncertainties; therefore, precise localisation is essential. The present findings demonstrate that translational couch corrections based on daily CBCT are sufficient to maintain dosimetric accuracy, even without explicit correction of rotational errors. This supports existing evidence that small rotational deviations (< 3°) have limited dosimetric impact in prostate radiotherapy when translational alignment is optimised.

Implications for clinical practice

These findings carry significant implications for clinical practice. The demonstrated stability of the delivered dose supports the continued use of tight PTV margins in conjunction with daily CBCT guidance. Margin reduction has the potential to decrease dose to surrounding OAR, particularly the rectum and bladder, thereby reducing treatment-related toxicity.30

Furthermore, the findings support the broader implementation of hypofractionated regimens, which offer significant advantages in terms of patient convenience and resource utilisation.31

Moderate hypofractionation (60 Gy/20 fractions) is now endorsed in multiple international guidelines and has demonstrated non-inferiority to conventional fractionation in large Phase III trials (CHHiP, PROFIT).6 However, its safe implementation requires precise localisation, as reduced fraction sizes and reduced margins amplify the risk of geographic miss.32

This study provides evidence from a state-sector institution supporting the safe execution of IGRT-based hypofractionation. Our findings demonstrate no compromise in target coverage, no significant overdosing of hotspots excellent stability of delivered dose despite daily anatomical variation effective correction of motion using 3-DoF couch shifts, and feasibility of maintaining 3 mm – 5-mm PTV margins.

These outcomes align with international experience and are particularly valuable in resource-constrained settings where adoption of hypofractionation can greatly reduce machine load, improve access and shorten waiting times.33 Supporting our approach of mapping CBCT anatomy onto the planning CT, the OAR dose constraints used in this study aligned with guidelines published for hypofractionated radiotherapy.20

Taken together, the consistency of planned and delivered doses across multiple studies and our own cohort provides strong evidence that daily CBCT is a reliable tool for maintaining dosimetric fidelity in hypofractionated prostate radiotherapy.

Implications for local practice and limitations

Several limitations must be acknowledged. Firstly, the dose calculation was performed on the planning CT with CBCT-derived anatomy transferred onto the reference datasets; therefore, direct CBCT dose calculation was not performed due to known HU-density inaccuracies in the pelvis.34,35 Secondly, only translational couch corrections were analysed; rotational effects were not quantified and may have contributed to small geometric uncertainties.36 Thirdly, OAR dose variation was not included in this analysis, although future evaluation will be important to understand rectal and bladder dose stability in hypofractionated IGRT.

Despite these limitations, the dataset was complete for all 600 fractions, and the consistency of findings across patients strengthens the validity of the conclusions. The utilisation of CBCT images to visualise the prostate for image guidance has instilled confidence in adaptive radiotherapy, specifically in terms of precisely localising cancer tumours and enhancing the distribution of absorbed dose. Addressing the anatomical changes that patients undergo during treatment, such as loss of weight and the regression of the tumour, is facilitated by daily CBCT image acquisition.37 This practice ensures that prescribed absorbed dose limits remain within acceptable tolerances, minimising the risk of inadequate target volume dosing and minimising absorbed doses to OARs.

Future directions

Future work should incorporate deformable image registration and direct CBCT-based dose calculation to further refine dose-tracking accuracy. In addition, evaluation of OAR dose variation will be essential to fully characterise the clinical benefits of margin reduction.

Conclusion

In summary, this study demonstrates that daily CBCT-guided soft-tissue registration enables accurate dose delivery in moderately hypofractionated prostate radiotherapy, supporting the safe use of PTV margins without compromising target coverage. Daily CBCT-guided translational corrections maintained clinically acceptable target coverage throughout moderately hypofractionated VMAT, supporting the routine use of image-guided radiotherapy in prostate cancer management. Actionable baseline for couch shift when treating localised hypofractionated prostate cancer was determined.

Acknowledgements

This article is based on research originally conducted as part of Leanore Legoale-Sebopa’s master’s thesis titled ‘Effects of applied setup shifts during image registration for prostate hypofractionated treatment’, submitted to the Faculty of Health Sciences, Department of Medical Physics, University of Pretoria in 2024. The thesis is currently unpublished and not publicly available. The thesis was supervised by Sheynaz Bassa and Humbulani V. Maselesele. The thesis was reworked, revised and adapted into a journal article for publication. The authors confirm that the content has not been previously published or disseminated and complies with ethical standards for original publication.

The authors would like to acknowledge the contributions of Mr Kyle Kotze, senior radiotherapist for his assistance with image acquisition.

Competing interests

The authors, Leanore Legoale-Sebopa; Sheynaz Bassa and Humbulani V. Maselesele, declare that they have no financial or personal relationships that may have inappropriately influenced them in writing this article. The author, Sheynaz Bassa, serve as an editorial board member of this journal. The peer review process for this submission was handled independently, and the author had no involvement in the editorial decision-making process for this article. The authors have no other competing interests to declare.

CRediT authorship contribution

Leanore Legoale-Sebopa: Conceptualisation, Data curation, Formal analysis, Investigation, Methodology, Project administration, Writing – original draft. Sheynaz Bassa: Supervision, Writing – review & editing. Humbulani V. Maselesele: Project administration, Supervision. All authors reviewed the article, contributed to the discussion of results, approved the final version for submission and publication and take responsibility for the integrity of its findings.

Funding information

The authors received no financial support for the research, authorship and/or publication of this article.

Data availability

The data that support the findings of this study are not openly available and are available from the corresponding author, Leanore Legoale-Sebopa, upon reasonable request.

Disclaimer

The views and opinions expressed in this article are those of the authors and are the product of professional research. They do not necessarily reflect the official policy or position of any affiliated institution, funder, agency or that of the publisher. The authors are responsible for this article’s results, findings, and content.

References


	1. 	Rawla P. Epidemiology of prostate cancer. World J Oncol. 2019;10(2):63. https://doi.org/10.14740/wjon1191

	2. 	Marima R, Mbeje M, Hull R, Demetriou D, Mtshali N, Dlamini Z. Prostate cancer disparities and management in southern Africa: Insights into practices, norms and values. Cancer Manag Res. 2022;2022:3567–3579. https://doi.org/10.2147/CMAR.S382903

	3. 	Padhani AR, Schoots IG. Imaging-based diagnostic and therapeutic strategies for prostate cancer in the coming decades. Radiology. 2023;307(5):e222990. https://doi.org/10.1148/radiol.222990

	4. 	Leibel SA, Fuks Z, Zelefsky MJ, et al. Technological advances in external beam radiation therapy for the treatment of localized prostate cancer. Semin Oncol. 2003;Oct;30(5):596–615. https://doi.org/10.1016/s0093-7754(03)00354-3

	5. 	Elith C, Dempsey SE, Findlay N, Warren-Forward HM. An introduction to the intensity-modulated radiation therapy (IMRT) techniques, tomotherapy, and VMAT. J Med Imaging Radiat Sci. 2011;42(1):37–43. https://doi.org/10.1016/j.jmir.2010.11.005

	6. 	Benjamin LC, Tree AC, Dearnaley DP. The role of hypofractionated radiotherapy in prostate cancer. Curr Oncol Rep. 2017;19(4):30. https://doi.org/10.1007/s11912-017-0584-7

	7. 	Hall EJ, Giaccia AJ. Radiobiology for the radiologist. Int J Radiat Oncol Biol Phys. 2006;66(627):10–1016.

	8. 	Dearnaley D, Syndikus I, Mossop H, et al. Conventional versus hypofractionated high-dose intensity-modulated radiotherapy for prostate cancer: 5-year outcomes of the randomised, non-inferiority, phase 3 CHHiP trial. Lancet Oncol. 2016;17(8):1047–1060. https://doi.org/10.1016/S1470-2045(16)30102-4

	9. 	Zhou K, Renouf M, Perrocheau G, et al. Cost-effectiveness of hypofractionated versus conventional radiotherapy in patients with intermediate-risk prostate cancer: An ancillary study of the PROstate fractionated irradiation trial – PROFIT. Radiother Oncol. 2022;173:306–312. https://doi.org/10.1016/j.radonc.2022.06.014

	10. 	Dearnaley D, Syndikus I, Sumo G, et al. Conventional versus hypofractionated high-dose intensity-modulated radiotherapy for prostate cancer: Preliminary safety results from the CHHiP randomised controlled trial. Lancet Oncol. 2012;13(1):43–54. https://doi.org/10.1016/S1470-2045(11)70293-5

	11. 	Naismith O, Mayles H, Bidmead M, et al. Radiotherapy quality assurance for the CHHiP trial: Conventional versus hypofractionated high-dose intensity-modulated radiotherapy in prostate cancer. Clin Oncol. 2019;31(9):611–620. https://doi.org/10.1016/j.clon.2019.05.009

	12. 	Chen HH, Lin PT, Kuo LT, Lin KS, Fang CC, Chi CC. Bladder volume reproducibility after water consumption in patients with prostate cancer undergoing radiotherapy: A systematic review and meta-analysis. Biomed J. 2021;44(6):S226–S34. https://doi.org/10.1016/j.bj.2020.11.004

	13. 	McNair HA, Wedlake L, Lips IM, Andreyev J, Van Vulpen M, Dearnaley D. A systematic review: Effectiveness of rectal emptying preparation in prostate cancer patients. Pract Radiat Oncol. 2014;4(6):437–447. https://doi.org/10.1016/j.prro.2014.06.005

	14. 	O’Neill AG, Jain S, Hounsell AR, O’Sullivan JM. Fiducial marker guided prostate radiotherapy: A review. Br J Radiol. 2016;89(1068):20160296. https://doi.org/10.1259/bjr.20160296

	15. 	Hamstra DA, Mariados N, Sylvester J, et al. Continued benefit to rectal separation for prostate radiation therapy: Final results of a phase III trial. Int J Radiat Oncol Biol Phys. 2017;97(5):976–985. https://doi.org/10.1016/j.ijrobp.2016.12.024

	16. 	Nijkamp J, Pos FJ, Nuver TT, et al. Adaptive radiotherapy for prostate cancer using kilovoltage cone-beam computed tomography: First clinical results. Int J Radiat Oncol Biol Phys. 2008;70(1):75–82. https://doi.org/10.1016/j.ijrobp.2007.05.046

	17. 	Posiewnik M, Piotrowski T. A review of cone-beam CT applications for adaptive radiotherapy of prostate cancer. Phys Med. 2019;59:13–21. https://doi.org/10.1016/j.ejmp.2019.02.014

	18. 	Arumugam S, Wong K, Do V, Sidhom M. Reducing the margin in prostate radiotherapy: Optimizing radiotherapy with a general-purpose linear accelerator using an in-house position monitoring system. Front Oncol. 2023;13:1116999. https://doi.org/10.3389/fonc.2023.1116999

	19. 	Yartsev S, Bauman G. Target margins in radiotherapy of prostate cancer. Br J Radiol. 2016;89(1067):20160312. https://doi.org/10.1259/bjr.20160312

	20. 	Langrand-Escure J, De Crevoisier R, Llagostera C, et al. Dose constraints for moderate hypofractionated radiotherapy for prostate cancer: The French genito-urinary group (GETUG) recommendations. Cancer/Radiothérapie. 2018;22(2):193–198. https://doi.org/10.1016/j.canrad.2017.11.004
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FIGURE 1: Demonstration of cone beam computed tomography and computed tomography image fusion before treatment couch correction is applied during patient setup.
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FIGURE 7: Percentage differences in Dose - Volume Histogram metrics (D,,, and
D,,..) between the original treatment plans and corresponding re-plans.
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FIGURE 6: Comparing original treatment plans and corresponding re-plan (a) Dose - Volume Histograms for D, and (b) Dose - Volume Histograms for D,,,.
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FIGURE 3: Demonstration of computed tomography and cone beam computed
tomography image fusion process on the treatment planning importing process
for organ contouril
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FIGURE 2: Cone beam computed tomography imaging, computed tomography
imaging, image verification and repeat planning.
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FIGURE 5: Distribution of translational setup corrections in the superior—inferior,
anterior—posterior and left-right directions across 30 patients.
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FIGURE 4: Demonstration of the treatment re-plan and the Dose -Volume Histogram.
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TABLE 1: Planning dose constraints for hypofractionated prostate volumetric
modulated arc therapy.

Target Dose constraints
PTV D98% 2 57.0 Gy
D2% < 63.0 Gy
cTv D98% > 60.0Gy * 1%
Rectum whole organ V57 <15%
V30 <50%
Bladder whole organ V60 < 5% V50 < 30%
V40 <50%

Note: CHHIP vs PROFIT for Localized Prostate. Cancer: A Retrospective Dosimetric.
Comparison of Organs at Risk. Paul Ramia, MD;1 Jana M. Kobeissi, MD;1 Abbas Mkanna,
MS;2 Bilal Shahine, PhD;1 Zeinab Makke, MS;2. Lara Hilal, MD;1 Dima Mahmoud, MD;1
Mohammed Mohammed, MD;1 Farah Olleik, MD;1 Fady Geara, MD, PhD; 1. Bassem Youssef,
MD MBAL.

PTV, planning target volume; CTV, clinical target volume.
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TABLE 2: Mean (+ standard deviation) setup shifts by direction.

Direction axis Sub-direction Mean £ 5.d. (cm)
Superior—Inferior (S) Superior 021017
Superior—Inferior (S1) Inferior 011019
Left—Right (LR) Left 0.08+0.06
Left—Right (LR) Right 0.06+0.04
Anterior-Posterior (AP) Anterior 0.06+0.08
Anterior-Posterior (AP) Posterior 0174014

Note: Mean (£ s.d.) setup shifts in the superior-inferior (Sl), left-right (LR) and anterior-
posterior (AP).

s.d. standard deviation: cm. centimeters.





