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ARTICLE INFO ABSTRACT

Keywords: Purpose: This study aimed to systematically evaluate the geometric, dosimetric, and workflow characteristics of
CT-guided adaptive radiotherapy diagnostic CT-guided adaptive radiotherapy for locally advanced colon cancer (LACC), and to assess its feasibility
Colon cancer and efficiency in routine clinical practice.

Online ART

Methods and materials: Forty patients undergoing short-course radiotherapy on a CT-linac within the TORCH-C
protocol were included. ART was triggered when the predefined clinical judgment deemed target coverage on
the anatomy of the day inadequate. Interfractional target variation was quantified using Dice similarity coeffi-
cient (DSC), Hausdorff distance (HD95), and average symmetric surface distance (ASSD). Dosimetric impact was
assessed by recalculating the initial reference plan on the daily CT and comparing it with the adapted plan. In-
vivo three-dimensional (3D) gamma verification was performed to evaluate the delivery accuracy. Workflow
time and acute toxicity (CTCAE v5.0) were recorded for efficiency and safety analysis.

Results: Among 200 fractions, 48 (24%) required adaptation. Adaptation was highly segment-dependent,
occurring in 51.43% of transverse, 40% of ascending, 16% of descending, and 12% of sigmoid colon frac-
tions. Interfractional instability was segment-dependent, with the largest geometric deviation in the transverse
colon (median DSC = 0.70; HD95 = 37.9 mm; ASSD = 6.5 mm). Online ART significantly improved target
coverage (PTV V100: 67.91% vs 98.25%) while reducing bowel exposure in the low-to-intermediate dose range.
The median in-vivo gamma passing rates exceeded 95%. The median ART session duration was 24.6 min. Acute
toxicities were mild (3 Grade 3, 1 Grade 2, 14 Grade 1, 22 Grade 0).

Conclusions: Diagnostic CT-guided online ART for LACC is feasible, efficient, and safe within routine clinical
throughput, and adaptation occurred in a substantial proportion of fractions, indicating that CT-guided ART can
be selectively implemented to restore target coverage and reduce bowel dose in routine colon cancer

Workflow efficiency
Dosimetric accuracy

radiotherapy.
Introduction increasingly considered for patients with bulky nodal disease or clinical
T4b tumors to improve resectability, and the National Comprehensive
Colorectal cancer is one of the most common malignancies world- Cancer Network (NCCN) guidelines recommend neoadjuvant radiation
wide. Colectomy with en bloc removal of the regional lymph nodes is the for selected non-metastatic, medically inoperable, or technically unre-
main treatment for colon cancer. However, neoadjuvant therapy is sectable T4 lesions [1]. For locally advanced colon cancer (LACC),
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however, clinical trials evaluating neoadjuvant chemotherapy alone,
including PRODIGE-22, FOXxTROT, and NEOSCOPE, have failed to
demonstrate substantial improvements in pathological or survival out-
comes, highlighting the urgent need to explore novel multimodal stra-
tegies. Recent studies in proficient mismatch repair or microsatellite
stability (pMMR/MSS) rectal cancer have shown that the combination of
radiotherapy, chemotherapy, and PD-1 blockade can induce profound
tumor regression [2,3], inspiring the extension of this approach to LACC
[4]. Supporting this shift, neoadjuvant chemoradiotherapy (NACRT) has
been reported to significantly increase the RO resection rate (80% vs.
20%) and improve both progression-free and overall survival compared
to neoadjuvant chemotherapy alone [5].

Despite these promising developments, the colon remains one of the
most challenging sites for radiotherapy due to large daily variations in
position, peristaltic motion, and close proximity to radiosensitive organs
such as the small bowel. The position deviation some times even exceed
10 em [6]. These anatomical and motion-related uncertainties hinder
the safe delivery of conformal radiation and have historically limited the
role of radiotherapy in LACC management.

Online adaptive radiotherapy (ART) offers a potential solution by
enabling daily plan modification to account for anatomical changes.
Several online ART platforms have been introduced into clinical practice
for various cancer sites [7-16], including cone beam computed tomog-
raphy (CBCT) guided systems and magnetic resonance imaging (MRI)
guided systems. These technologies have demonstrated both feasibility
and clinical value by improving dosimetric accuracy and reducing
marginal misses associated with interfraction motion [17-21]. Howev-
er, CBCT is limited by poor soft-tissue contrast and often requires fidu-
cials, while MRI-guided ART, though providing excellent visualization,
is constrained by prolonged session times (>40 minutes) and limited
accessibility. In contrast, diagnostic CT-integrated linear accelerators
(CT-linacs) [22] combine high-quality volumetric imaging with
streamlined online adaptation workflows, offering a practical platform
for widespread clinical implementation.

Within this context, the TORCH-C regimen, which is a multimodality
protocol combining short-course radiotherapy (25 Gy in 5 fractions)
with CAPOX chemotherapy and PD-1 blockade [4], provides a unique
opportunity to evaluate online ART for highly mobile abdominal targets.
Integrating CT-guided online ART into this regimen could improve
dosimetric accuracy, maintain workflow efficiency, and enhance treat-
ment safety.

The present prospective study was designed to evaluate the imple-
mentation feasibility, dosimetric effects, and safety of diagnostic CT-
guided online ART for patients with LACC treated within the TORCH-
C protocol. Specifically, we aimed to (1) characterize the observed fre-
quency and segment-specific distribution of ART triggered by target
deformation, (2) quantify geometric and dosimetric differences between
reference and adaptive plans, and (3) evaluate delivery accuracy
through in-vivo verification, workflow duration, and acute toxicity
associated with this workflow. By establishing practical benchmarks for
CT-guided adaptive workflows, this study aims to provide evidence
supporting the broader integration of CT-guided ART into routine clin-
ical practice for colon cancer radiotherapy.

Methods and materials
Patients

From May 2023 to December 2024, 40 patients with locally
advanced colon cancer (LACC) characterized by pMMR/MSS and pre-
senting with cT4-stage bulky tumors or bulky lymph nodes were pro-
spectively enrolled. All patients received the TORCH-C regimen. The
present analysis focuses exclusively on the radiotherapy component.
The study was approved by the institutional ethics committee.
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Initial reference treatment planning

Initial reference treatment plans were generated based on each pa-
tient’s anatomy as visualized on the planning CT. The planning CT was
acquired on a simulation CT scanner (Siemens SOMATOM Definition
AS) in helical scan mode, with a tube voltage of 120 kV, 300 mAs, a slice
thickness of 3 mm, and a field of view of 50 cm. Patients were positioned
prone using immobilization devices based on tumor location. For tumors
located in the pelvis, both arms were placed on the chest and supported
with a headrest and footrest. For tumors located in the abdomen, pa-
tients were positioned on a multifunctional board with both arms raised.
The gross tumor volume (GTV) was delineated on planning CT with the
assistance of MRI, contrast enhanced CT or PET-CT, depending on
availability. The GTV was delineated to encompass the primary tumor
lesions, adjacent tissues and organs demonstrating tumor infiltration, as
well as lymph nodes identified as positive on MRI or CT imaging.
Notably, prophylactic irradiation of regional lymphatic drainage areas
was not performed. In some cases surgical clips were placed to demar-
cate the inferior tumor border. The planning target volume (PTV) was
generated by applying a 5-10 mm isotropic margin to the GTV. The
specific margin size was individualized according to tumor location and
anticipated motion related to adjacent anatomical structures, with daily
CT guidance used for target position verification. Organs at risk (OARs),
including the small bowel, uninvolved colon, bladder, duodenum,
femoral head, liver, kidneys and spinal cord, were delineated using the
auto-delineation model on the simulation CT according to tumor loca-
tion. Automatic OAR segmentation was performed using RTP-Net [23],
a deep learning-based framework developed for rapid and accurate
whole-body organ-at-risk delineation in radiotherapy. RTP-Net has been
validated for the segmentation of 65 OARs across the head, thoracic,
abdominal, and pelvic regions, including anatomically complex and
deformable structures such as the small bowel and colon [23]. All
automatically generated contours were reviewed and adjusted if
necessary by experienced clinicians before treatment planning.

The prescription dose was 25 Gy in 5 fractions, prescribed to the PTV,
with the planning objective of ensuring that at least 95% of the PTV
received the prescribed dose. No fixed dose limits were imposed on the
OARs; the planning principle was to minimize radiation exposure to all
uninvolved structures as much as reasonably achievable. All treatment
plans were generated in the uTPS (version RO01, United Imaging
Healthcare, Shanghai, China) using the VMAT technique with 6-MV
photon beams. Dose calculation was performed using a convolution-
based algorithm with a calculation grid size of 2.5 mm. The plans
were delivered using two partial arcs, with arc angles individualized
according to tumor location.

CT-guided online ART workflow

The CT-guided ART technique was implemented using a CT-linac
system that integrates a 16-slice helical CT scanner (70-cm bore) with
a C-arm linear accelerator (uRT-linac 506¢, United Imaging Healthcare,
Shanghai, China) [22]. Each treatment fraction began with a diagnostic-
quality pre-treatment verification CT acquired on the CT-linac system in
helical scan mode with a tube voltage of 120 kVp, 180 mAs, a slice
thickness of 3 mm, and a field of view of 50 cm. The verification image
was automatically rigidly registered to the reference planning CT based
on bony anatomical structures, including the vertebral bodies and
pelvis. After alignment, the physician visually evaluated whether the
target remained adequately encompassed by the reference PTV. If
coverage was deemed satisfactory and no major anatomical changes
were observed, the fraction was delivered using the reference plan. If the
target exhibited significant deformation or displacement resulting in
partial PTV under coverage, an online adaptive workflow was initiated.

Upon adaptation, the GTV rigidly propagated from the reference
plan was manually modified by the physician on the daily CT image,
with the reference diagnostic images (contrast-enhanced CT, MRI, and/
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CT guided Online ART workflow
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Fig. 1. Workflow of diagnostic computed tomography—guided online adaptive radiotherapy (CTgART) for locally advanced colon cancer. Image-guided radiotherapy
(IGRT) fractions refer to treatment fractions delivered without online adaptation. Adaptive radiotherapy (ART) fractions refer to treatment fractions in which the
target volumes and organs at risk (OARs) are re-contoured based on the daily CT image, and the treatment plan is subsequently re-optimized prior to delivery.

or PET-CT) displayed on a secondary workstation to assist target
delineation. A new PTV was then generated by applying a 5-10 mm
isotropic margin. OARs were automatically delineated by the TPS [23]
and edited as necessary. An adaptive treatment plan was optimized
using the same dose prescription, beam configuration and beam delivery
technique as the reference plan. Plan approval required visual inspec-
tion and target coverage confirmation by the treating physician and
physicist. Once approved, a verification CT was acquired to confirm
alignment before delivery. If the target remained within the adapted
PTV and patient setup was satisfactory, treatment proceeded; if not, the
fraction was postponed at the discretion of the clinical team.

During beam delivery, the CT-linac performed real-time in vivo
transit dose verification, providing immediate feedback on treatment

accuracy. Following treatment completion, the same transit dose data
were reconstructed into three-dimensional (3D) dose distributions on
the daily CT anatomy for post-treatment verification. Fig. 1 illustrates
the complete workflow of CT-guided online ART, outlining each key
procedural step from image acquisition to treatment delivery.

Geometric and dosimetric evaluation

To quantify interfractional anatomical variations, geometric com-
parisons were performed between the initial reference and adapted
datasets. The Dice similarity coefficient (DSC), 95th percentile Haus-
dorff distance (HD95), and average surface-to-surface distance (ASSD)
were used to evaluate volumetric overlap, extreme boundary deviation,
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Table 1
Tumor location, patient characteristics, disease stage and ART utilization across
colon segments.

Tumor No. of T3/ No. of ART  T3/T4a/ ART
location patients T4a/ patients T4b for fractions/
(male/ T4b (male/ ART total
female) staging female) patients fractions
Ascending 7(4/3) 0/0/7 6 (4/2) 0/0/6 18/35
colon (51.43%)
Transverse 7 (5/2) 0/1/6 6 (4/2) 0/1/5 14/35
colon (40.00%)
Descending 5(3/2) 0/0/5 1(1/0) 0/0/1 4/25
colon (16.00%)
Sigmoid 21 (15/6) 2/0/19 6 (4/2) 1/0/5 12/105
colon (11.43%)

and mean surface discrepancy, respectively, for the GTV and PTV in
each ART fraction. Geometric metrics and adaptation frequency was
analyzed overall and stratified by colon segment (ascending, transverse,
descending, sigmoid) to evaluate regional differences in stability.

To evaluate the dosimetric benefit of CT-guided online ART, the
initial reference plan (PI) was rigidly mapped and recalculated on the
daily CT to represent the delivered dose if no adaptation had been
performed. The corresponding adaptive plan (PA), generated on the
same daily CT, was then used for comparison.

For the GTV and PTV, V100 and D95 were evaluated. For the small
bowel, V11Gy, V25Gy, DO0.1cc, and D5cc were analyzed. For the unin-
volved colon, V18.5Gy and V23.25Gy were evaluated. V11Gy for small
bowel and V18.5Gy/V23.25Gy for colon, which are related to gastro-
intestinal toxicities, were derived through EQD2 conversion (assuming
an o/f ratio of 3.9 Gy) based on previous findings [24,25]. Statistical
comparisons between PI and PA were performed using the Wilcoxon
signed-rank test to determine the significance of any observed
differences.

Workflow efficiency and in-vivo treatment verification

Workflow timestamps recorded by the system were used to quantify
the time required for each procedural step, including image acquisition,
contour editing, plan optimization, and plan delivery. These data were
used to assess overall treatment efficiency and identify time-consuming
components of the adaptive workflow.
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In vivo treatment verification was performed by comparing recon-
structed doses from EPID measurements with corresponding TPS-
calculated doses. Gamma analysis was used with a 3%/2 mm gamma
criterion and a 10% dose threshold. The results provided confirmation of
treatment accuracy and intrafractional stability during beam delivery.

Toxicity assessment

Adverse events of radiotherapy were monitored and documented
from the start of radiotherapy to before the immunochemotherapy and
were evaluated according to the Common Terminology Criteria for
Adverse Events (CTCAE, version 5.0).

Results
Patient characteristics and adaptation frequency

A total of 40 patients with LACC underwent CT-guided short-course
radiotherapy within the TORCH-C protocol, accounting for 200 deliv-
ered fractions. According to the predefined clinical ART workflow, 48 of
200 fractions (24.0%) required online adaptation due to target defor-
mation compromising PTV coverage, while the remaining 152 fractions
were delivered using the reference plan under daily image guided
radiotherapy (IGRT) conditions. Nineteen of 40 patients (47.5%) un-
derwent ART for at least one fraction. Thirteen men and six women
underwent online adaptation, with a median age of 52 years (range:
18-76 years). Table 1 provides a detailed breakdown of patient de-
mographics, disease stage, ART patient counts, and the proportion of
ART fractions per colon segment. The adaptation frequency varied
across colon segments and indicate a markedly higher deformation-
driven instability in proximal colon regions compared with distal
segments.

Interfraction target deviation

Substantial interfraction geometric variability was observed, with
marked differences across colon segments (Table 2 and Fig. 2). Fig. 3
illustrates a representative case with the lowest DSC between the
reference and online target volumes. When pooled across all ART frac-
tions, the median DSC, HD95, and ASSD for GTV were 0.75, 15.00 mm,
and 4.63 mm, respectively. Transverse-colon tumors exhibited the

Table 2
Geometric metrics of interfractional variation of GTV and PTV for ART fractions.
GTV PTV

tumor sites Reference ART DSC HD95(mm) ASSD (mm) Reference ART DSC HD95(mm) ASSD (mm)

(ratio of ART volume (cc) volume volume (cc) volume

fractions) (cc) (cc)

Ascending 157 219 0.73 15.94 4.91 333 420 0.81 14.34 5.05
colon (18/ (68-474) (62-462) (0.69-0.86) (8.90-19.76) (2.97-5.97) (153-693) (154-621) (0.74-0.88) (7.97-19.33) (3.15-6.48)
35)

Transverse 110 99 0.70 37.85 6.47 245 221 0.74 36.82 6.78
colon (14/ (55-312) (48-247) (0.29-0.77) (16.42-50.00) (3.76-16.08) (167-494) (114-443) (0.42-0.79) (13.66-48.75) (4.73-15.12)
35)

Descending 96 (N/A) 113 (N/ 0.83 6.28 2.42 196 (N/A) 228 (N/A) 0.86 8.82 2.97
colon (4/ A) (0.77-0.89) (5.53-9.18) (1.60-3.52) (0.83-0.88) (6.97-11.67) (2.15-4.28)
25)

Sigmoid colon 151 165 0.85 8.89 2.65 296 (114- 327 0.85 9.74 3.52
(12/105) (55-257) (42-254) (0.60-0.90) (5.65-16.79) (1.14-5.32) 495) (96-445) (0.69-0.87) (5.85-10.05) (2.65-5.27)

Colon (all 122 123 0.75 15.00 4.63 243 267 0.79 14.21 5.03
together) (55-474) (42-462) (0.65-0.87) (7.58-22.60) (2.71-6.75) (114-693) (96-621) (0.70-0.86) (7.7-22.7) (3.03-6.79)
(48/200)

Reference and ART volumes represent the structure volumes delineated on the reference planning CT and the corresponding daily online CT, respectively. Volumetric
data are presented as Median (Range: min—-max). For ART volumes, a two-step statistical approach was employed to ensure equal weighting per subject by first
averaging volumes across adapted fractions at the patient level before deriving group-level statistics. For the Descending Colon (DC) subgroup (1patient), the range is
marked as N/A (not applicable). Geometric similarity metrics, including Dice similarity coefficient (DSC), 95th percentile Hausdorff distance (HD95), and average
symmetric surface distance (ASSD), are presented as median with interquartile range (IQR) across ART fractions.
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Fig. 2. Boxplots of interfractional geometric variation for gross tumor volume
(GTV, red) and planning target volume (PTV, green) across colonic sub-sites.
Shown are the distributions of (A) Dice similarity coefficient (DSC), (B) 95th-
percentile Hausdorff distance (HD95), and (C) average symmetric surface dis-
tance (ASSD) for tumors located in the ascending colon (AC), transverse colon
(TC), descending colon (DC), and sigmoid colon (SC).

greatest interfraction displacement and shape variability, with the
lowest DSC and highest HD95/ASSD values among all sub-sites. In
contrast, descending colon lesions showed comparatively stable posi-
tioning with minimal deformation. Sigmoid colon lesions likewise

Clinical and Translational Radiation Oncology 59 (2026) 101162

exhibited relatively stable positioning, although with greater shape
deformation compared with the descending colon. PTV metrics
demonstrated the same regional trend. These data support that the
magnitude of anatomical variation was site-dependent and greatest in
the proximal colon.

Dose-volume effects of adaptive replanning

Adaptive replanning consistently restored target dose coverage and
improved conformity on the daily anatomy. As illustrated in Fig.4, the
adapted plan achieved full prescription coverage while maintaining or
reducing OAR dose compared with the recalculated initial plan, with the
caudal high-dose region in the initial plan attributable to anatomical
changes and target deformation. Aggregated dosimetric results for ART
fractions are summarized in Table 3. For the PTV, mean V100 improved
from 67.91% (PI) to 98.25% (PA), and D95 increased from 16.96 Gy to
25.22 Gy. Similar gains were observed for GTV coverage. Regarding
OARs, ART significantly reduced low to intermediate dose exposure to
uninvolved bowel, such as small-bowel V11Gy and uninvolved colon
V18.5Gy and V23.25Gy. High-dose bowel metrics (D0.1cc, D5cc)
remained comparable between PI and PA. Together, these findings
indicate that ART not only corrected geometric miss but also translated
into meaningful dosimetric benefit without increasing OAR high-dose
burden.

Workflow efficiency

Fig. 5A shows the critical steps in ART workflow. Fig. 5B. shows the
timing data for each step, from the initiation of the first CT scan to the
completion of beam delivery. The median total online ART session time
was 24.61 minutes (range 16.53-30.33). Median duration for key pro-
cedural steps was 1.08 min for pre-treatment CT, 6.46 min for contour
editing, 5.26 min for re-planning, 1.09 min for verification CT, and 3.17
min for treatment delivery. All ART fractions were completed within a
clinically acceptable timeframe. In most cases, the adaptive treatment
plan was finalized after a single optimization iteration, while two opti-
mization iterations were required in a subset of cases. In general, a single
optimization iteration typically required approximately 4 minutes.

In-vivo treatment verification

Fig. 5C shows a representative case of in vivo 3D dose comparison,
including the planned dose distribution, reconstructed dose from in vivo
measurements, and dose difference map. In-vivo 3D dose verification
confirmed high delivery accuracy for both ART and IGRT fractions.
Median gamma passing rates were 95.6% for ART fractions and 97.9%
for IGRT fractions. Only 1 ART fractions and 2 IGRT fractions have a
gamma passing rate lower than 90%.

Fig. 3. Representative transverse CT slice from the case with the lowest DSC for the target volume. The left panel shows the reference CT, and the right panel shows
the corresponding online CT of the last fraction. Red and blue contours represent the GTV and PTV on the reference CT, respectively, while yellow and green contours

represent the GTV and PTV on the online CT.
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Fig. 4. Dose comparison between the initial reference plan and the adapted plan on the daily CT image. (A) Initial reference plan (PI) recalculated on the daily CT.
(B) Adapted plan (PA) generated after re-contouring and re-optimization. (C) Dose-volume histogram (DVH) comparing the two plans, with solid lines representing
the adapted plan and dashed lines representing the initial plan. Structures are color-coded as follows: gross tumor volume (GTV, red), planning target volume (PTV,

green), small bowel (yellow), and uninvolved colon (blue).

Table 3
Target coverage and dosimetic parameters for organ at risks.
P; mean (SD) P; median (range) PA mean (SD) P, median (range) p
PTV V100 (%) 67.91 + 21.95 72.21(10.11-95.28) 98.25 + 0.96 98.06 (96.00-99.76) 0.00
D95 (Gy) 16.96 + 7.76 18.94 (0.66-26.80) 25.22 £ 0.26 25.17 (25.06-26.56) 0.00
GTV V100 (%) 78.98 + 23.18 86.99 (9.43- 99.88) 99.99 + 0.06 100.00 (99.62-100.00) 0.00
D95 (Gy) 20.38 +£7.74 24.30 (0.82-26.70) 25.33 £0.24 25.28 (25.11-26.43) 0.00
Small bowel V11Gy (cc) 77.34 + 61.59 66.95 (0.97-236.09) 69.66 + 54.04 61.95 (1.48-205.41) 0.02
V25Gy (cc) 11.35 4+ 14.13 6.52 (0.00- 54.56) 8.93 +£9.38 6.53 (0.00-34.9) 0.74
DO.1cc 24.69 + 2.81 25.73 (16.55-27.04) 25.41 +£1.54 25.79 (15.88-26.59) 0.80
D5cc 21.44 + 5.64 25.14 (8.42-26.78) 22.46 + 4.5 25.18 (9.48- 26.19) 0.11
Colon V18.5Gy (cc) 30.08 + 41.95 16.36 (0.00-201.55) 19.69 + 21.28 13.72 (0.00-105.18) 0.03
V23.25Gy (cc) 21.24 + 33.31 10.94 (0.00-158.23) 11.74 + 15.41 6.45 (0.00-71.81) 0.00

PL initial reference plan; PA: adaptive plan; OAR: organ at risk. p-values were calculated using the Wilcoxon signed-rank test.

Acute toxicity outcomes

Treatment was well tolerated. Among the 40 patients, no treatment
interruption occurred due to acute toxicity. As summarized in Table 4,
treatment-related adverse events were generally mild. The most com-
mon reported adverse event was abdominal pain, reported in 8 patients
(20%), followed by diarrhea in 6 patients (15%). Other GI toxicities
included rectal bleeding in 1 patient and intestinal obstruction in 2
patients. Urinary frequency was reported in 1 patient. Notably, more
than half of the cohort (n = 22, 55%) experienced no acute gastroin-
testinal or urinary toxicities during treatment.

Discussion

This prospective study demonstrates that diagnostic CT-guided

online ART is both feasible and clinically actionable for LACC within the
TORCH-C regimen, with measurable gains in target coverage and
consistent sparing of surrounding bowel while maintaining a stream-
lined workflow suitable for routine practice. The need for adaptation
was not rare, occurring in one out of four fractions, and was driven
entirely by target deformation rather than setup uncertainty. This
finding reinforces that immobilization and IGRT alone are insufficient
for highly mobile colonic targets.

A key observation was the segment-dependent nature of anatomical
instability. Tumors located in the transverse and ascending colon
showed the highest ART trigger rate and the largest geometric de-
viations, consistent with their greater physiological mobility and peri-
toneal redundancy. In contrast, sigmoid and descending colon tumors
were more geometrically stable and less frequently required adaptive
intervention. This segmental heterogeneity is important for treatment
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additional operations that may occur between the main steps but are not explicitly shown. (B) Timing data for each workflow step, including the total duration of
ART delivery. (C) In vivo 3D dose comparison for a representative case, showing planned dose, reconstructed dose, and dose difference, together with boxplots of 3D
gamma passing rates for ART and IGRT fractions.

Table 4

Acute adverse events of radiotherapy (CTCAE v5.0).
Adverse event Grade Frequency (n)
Abdominal pain Grade 1 7
Abdominal pain Grade 2 1
Diarrhea Grade 1 5
Diarrhea Grade 3 1
Rectal bleeding Grade 1 1
Intestinal obstruction Grade 3 2
Urinary frequency Grade 1 1
No adverse events reported Grade 0 22

Adverse events were assessed from the start of radiotherapy to before immu-
nochemotherapy according to CTCAE v5.0.

planning because it suggests that not all LACC need the same adaptive
intensity, therefore presenting a potential direction for personalized
ART workflows.

From a dosimetric standpoint, ART reliably restored full-prescription
target coverage on the anatomy of the day, while simultaneously
reducing low and intermediate dose exposure to bowel without
increasing high dose burden. This is particularly relevant in the neo-
adjuvant setting where gastrointestinal toxicity can delay systemic
therapy or compromise surgical tolerability. Although the study was not
designed to detect clinical endpoints, the directional dosimetric im-
provements suggest that CT-guided ART may enhance the therapeutic
window of short course radiotherapy for mobile abdominal disease.

Unlike CBCT-guided ART platforms, CT-linac systems provided
adequate soft-tissue contrast without the need for fiducials and avoided
the prolonged session times reported for MRI-guided ART. In this cohort,
the median total session duration was 24.6 minutes, which is substan-
tially shorter than the approximately 50 minutes typically reported for
MRI-based ART in abdominal and pelvic sites [26-28], and modestly
shorter than the approximately 34 minutes reported for CBCT-based
adaptation workflows [29,30]. Although noticeable variability in

replanning time was observed, this primarily reflected case-specific
planning complexity, including differences in target volume size,
target geometry, and arc configuration, rather than workflow instability.
This level of efficiency indicates that CT-guided online ART can be in-
tegrated into routine clinical throughput without meaningful disruption.
In vivo verification further confirmed acceptable delivery accuracy
across both adaptive and non-adaptive fractions, supporting the safety
of online replanning under real-world treatment conditions.

Despite these strengths, intrafractional motion remains an unre-
solved challenge for highly deformable abdominal targets. In two frac-
tions, a second verification CT acquired approximately twelve minutes
after the pre-adaptation scan revealed new target deformation sufficient
to invalidate the approved adaptive plan, prompting treatment cancel-
lation for patient safety. These events illustrate the intrinsic limitation of
single-timepoint adaptation: anatomic conditions can evolve during the
adaptation window and compromise plan validity. This observation has
direct workflow implications. A verification scan immediately before
beam-on may serve as a necessary safeguard in high-mobility sites, and
it is notable that such a step is absent from current MRI-based ART
workflows such as those implemented on Unity systems. Patient-
centered measures, such as dietary guidance to reduce intraluminal
gas, may further improve reproducibility.

Future research should move beyond geometric and dosimetric sur-
rogates toward testing ART-triggered strategies in prospective cohorts
with predefined clinical endpoints, and to determine whether segment-
specific or risk-adapted ART utilization can improve toxicity, surgical
readiness, or treatment compliance in mobile abdominal malignancies.
This study is limited by the modest number of adapted fractions and the
absence of longitudinal outcomes; consequently, it cannot establish
clinical benefit or define threshold-based triggers. Furthermore,
although volumetric differences between reference and adapted GTVs
were generally modest, observer-related variability remains an inherent
consideration in online adaptive workflows. The fact that adaptation
was performed only for a subset of fractions based on clinical triggers
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may also introduce selection bias; thus, future multi-observer analyses
involving larger patient cohorts and more comprehensive fraction
coverage are warranted to further quantify contour reproducibility and
its subsequent clinical impact. In addition, the evaluation focused on
day-specific geometric and dosimetric effects rather than linking ART
use to downstream endpoints such as immunochemotherapy tolerance
or operability. Nevertheless, by providing real-world adaptive rates,
segment-dependent instability, and verified workflow tolerability, this
first prospective evaluation of CT-guided online ART for LACC provides
implementation-level benchmarks that can inform the design of
outcome-powered trials and guide selective ART deployment in
practice.

Conclusion

This is the first prospective evaluation of diagnostic CT-guided on-
line ART for locally advanced colon cancer. The ART workflow was
feasible within routine clinical throughput, consistently restored target
coverage on the anatomy of the day, and reduced bowel exposure
without increasing toxicity or compromising delivery accuracy. Adap-
tation was non-rare and strongly segment-dependent, indicating that
IGRT alone is insufficient for mobile colonic targets and that ART can be
deployed as a rational, trigger-based intervention rather than a universal
mandate. These results establish disease-specific implementation
benchmarks and provide a practical foundation for future outcome-
driven trials of CT-guided ART.
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