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A B S T R A C T   

Background and Purpose: Online cone-beam-based adaptive radiotherapy (ART) adjusts for anatomical changes 
during external beam radiotherapy. However, limited cone-beam image quality complicates nodal contouring. 
Despite this challenge, artificial-intelligence guided deformation (AID) can auto-generate nodal contours. Our 
study investigated the optimal use of such contours in cervical online cone-beam-based ART. 
Materials and Methods: From 136 adaptive fractions across 21 cervical cancer patients with nodal disease, we 
extracted 649 clinically-delivered and AID clinical target volume (CTV) lymph node boost structures. We 
assessed geometric alignment between AID and clinical CTVs via dice similarity coefficient, and 95% Hausdorff 
distance, and geometric coverage of clinical CTVs by AID planning target volumes by false positive dice. 
Coverage of clinical CTVs by AID contour-based plans was evaluated using D100, D95, V100%, and V95%. 
Results: Between AID and clinical CTVs, the median dice similarity coefficient was 0.66 and the median 95 % 
Hausdorff distance was 4.0 mm. The median false positive dice of clinical CTV coverage by AID planning target 
volumes was 0. The median D100 was 1.00, the median D95 was 1.01, the median V100% was 1.00, and the 
median V95% was 1.00. Increased nodal volume, fraction number, and daily adaptation were associated with 
reduced clinical CTV coverage by AID-based plans. 
Conclusion: In one of the first reports on pelvic nodal ART, AID-based plans could adequately cover nodal targets. 
However, physician review is required due to performance variation. Greater attention is needed for larger, 
daily-adapted nodes further into treatment.   

1. Introduction 

External beam radiotherapy (EBRT) is a primary treatment for 
locally advanced cervical cancer [1]. However, treatment planning is 
complicated by anatomical variation over the treatment course due to 
differences in bladder filling and rectal gas between fractions [2,3]. 
Additionally, an EBRT course typically spans 25–28 fractions over five 
weeks [1], allowing for longitudinal anatomic changes associated with 
tumor regression and weight fluctuation [4]. Rigid treatment planning 
may result in inadequate tumor coverage and increased normal struc
ture toxicity [4]. 

Online adaptive radiotherapy (ART), which uses day-of-treatment 
imaging for re-contouring and re-planning, can account for these 
anatomical changes [4]. Specifically, online cone-beam-based ART, a 
subset of online ART using cone-beam computed tomography (CBCT) for 
rapid image acquisition, has proven clinically feasible for treating 

cervical cancer [5,6]. Accurately delineating nodes within a reasonable 
timeframe is crucial for patient comfort and to limit intra-fraction mo
tion [7], and the re-contouring of simultaneously treated lymph node 
boost structures is especially time-consuming and difficult due to their 
small size, high quantity, and the limited image quality of CBCT images 
[8–11]. While MRI improves nodal visibility compared to CBCT, pro
longed image acquisition time and smaller treatment field limits work
flow efficiency and target coverage in MR-guided ART [12,13]. Ensuring 
adequate coverage of CTV lymph node boost structures is critical, as 
lymph node irradiation significantly improves response rates and overall 
survival in cervical cancer [14,15]. 

Although numerous studies have assessed the efficacy of pelvic ma
lignancy auto-segmentation, evaluation of pelvic nodal auto- 
segmentation is infrequent [16]. Existing approaches have included a 
region-based segmentation algorithm centered on pixel similarity [17], 
convolutional neural network-based segmentation [18–20], and a deep 
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reinforcement learning model for region isolation prior to convolutional 
neural network-guided contour delineation [20]. Nonetheless, only 
Archambault and colleagues have established a method specific to on
line cone-beam CT and the ART workflow, achieving nodal contouring 
via deformable image registration of planning CT contours to day-of- 
treatment CBCTs using a predetermined set of OAR contours, or influ
encer structures, generated by pre-trained convolutional neural net
works [21]. Adopting these artificial intelligence (AI) influenced, 
deformable image registration generated (AID) contours with minimal 
revision could reduce treatment time, enhancing patient comfort and 
minimizing intra-fractional motion. Current literature has established 
that AID contours effectively delineate both organs at risk (OAR) and 
target volumes and can be used to generate plans with sufficient target 
coverage [22,23,5,6]. Yet, a focused assessment of the clinical feasibility 
of nodal AID contours has not yet been performed. 

Our study thus aims to build on existing research by determining the 
clinical feasibility of AID nodal contours in cervical online cone-beam- 
based ART by assessing the coverage of clinical CTV lymph node boost 
structures by AID contour-based plans and the geometric overlap be
tween AID and clinical CTV lymph node boost contours. By examining 
how AID contour performance varies over time, with daily patient sta
tus, and with nodal characteristics, we also aimed to characterize factors 
influencing AID contour performance, thereby informing clinicians on 
when AID contours should be employed. 

2. Materials and methods 

2.1. Patient selection and demographics 

From our institutional ART Registry, we identified cervical cancer 
patients requiring pelvic, para-aortic, and/or inguinal gross nodal boost 
and receiving one or more fractions of online cone-beam-based ART 
from 9/17/2021 to 1/2/2023. Demographic data was obtained on pa
tient age and FIGO stage. This study received approval from the Insti
tutional Review Board at UT Southwestern Medical Center (Approval 
number: 082013–008). 

All 21 patients had node positive tumors and received definitive 
chemoradiotherapy. Nineteen patients received simultaneous integrated 
boost, while two patients received sequential boost. Nineteen patients 
received high dose-rate brachytherapy following EBRT. Two patients 
did not receive high dose-rate brachytherapy following EBRT due to 
elimination of disease not confined to the para-aortic lymph nodes in a 
prior treatment course and poor tolerance of EBRT respectively. Two 
stage IIIC1 patients receiving definitive chemoradiotherapy for limited 
nodal groin disease and one stage IIB patient with recurrent para-aortic 
disease were included in the study (Table 1). The median unique nodal 
count per patient was 4.0 (IQR: 3.5). 

2.2. Online cone-beam-based ART workflow 

In the Varian Ethos (Varian Medical Systems, Palo Alto, CA) online 
cone-beam-based ART workflow (Supplementary Figure 1), a CT simu
lation was performed, followed by generation of a “scheduled plan,” or 
baseline treatment plan that could be rigidly translated to later fractions, 
by dosimetrists. Each fraction, a CBCT was obtained, and two sets of CTV 
and OAR simulation CT structures were generated on the CBCT: One set 
via rigid propagation of simulation CT contours to the CBCT, and a 
second set via AI-guided deformation of CT simulation contours to the 
CBCT. For each structure, either the rigidly propagated or AID contours 
were selected as a starting point, final edits were made by the treating 
physician to produce “clinical contours,” and an “adapted plan” was 
generated in Ethos based on the clinical contours and treatment goals. 
The initial AID contours for all structures were also stored in the system 
alongside correspondingly created adapted plans [24]. Nodal boost 
contouring was conducted in concordance with EMBRACE II guidelines 
[25]. 

2.3. Contour and plan extraction 

For all adaptive fractions from each patient, clinical and AID CTV 
and planning target volume (PTV) lymph node boost structures were 
extracted from DICOM data stored in an institutional database, allowing 
for assessment of the evolution of nodal structures over treatment. The 
CTV to PTV margin was 5 mm. Partitioning was performed for initially 
extracted structures containing multiple nodes to facilitate discrete 
analysis of individual nodes. Clinical and AID-based plans were extrac
ted for all included fractions well. DICOM processing, contour extrac
tion, contour partitioning, and plan extraction were performed using 
RT-Utils 0.0.6 [26], dicompyler 0.4.2 [27], Hungarian assignment 
[28], and SciPy 1.10 [29] in Python 3.11.2 [30], and is further described 
in the Supplemental Methodology. 

We extracted 104 unique CTV lymph node boost structures from 21 
patients across 136 total fractions—649 structures total. Each unique 
CTV lymph node boost structure occurred in an average of 6.2 fractions 
(SD = 6.0). Sequential boost was delivered to 7 % of CTV lymph node 
boost structures, while 75 % received simultaneous integrated boost. 
The majority of CTV lymph node boost structures were from daily 
adapted patients 64 %, with 64 % being upper pelvic, 20 % lower pelvic, 
12 % para-aortic, and 4 % inguinal. The median clinical volume of CTV 
lymph node boost structures on CBCT was 1.8 cm3(IQR: 1.0–5.4cm3), 
with a mean prescribed dose of 57.5 Gy (SD: 2.1 Gy). 

2.4. Evaluating contour quality 

To assess geometric overlap between AID and clinical CTV lymph 
node boost structures, the volumetric dice similarity coefficient, false 
positive dice, false negative dice, and 95 % Hausdorff distance were 
computed from the relevant binary masks using DeepMind’s surface- 
distance library [31] (Supplemental Figure 2C). Geometric coverage 
with expanded margins was evaluated via calculation of the false posi
tive dice of clinical CTV lymph node boost structures relative to asso
ciated AID PTV structures. To evaluate the acceptability of AID 
coverage, the dose distribution of the adapted plan generated from AID 
contours were overlaid on clinical CTV lymph node boost contours. 
D100 (Gy/prescription dose), D95 (Gy/prescription dose), V100%, and 
V95% were then computed. Clinical volume on CBCT, location, intra- 
fraction nodal count, fraction number, and daily patient status were 
obtained for each CTV lymph node boost structure for stratification of 
nodal metrics. 

Table 1 
Patient characteristics at EBRT initiation.  

N = 21  

FIGO Stage   

IIB 1  
IIIA 1  
IIIB 1  
IIIC1 11  
IIIC2 4  
IVA 3 

Age (years) at EBRT start   
Median 46  
Range 29–68 

Adaptation Scheme*    
Daily 7  
Weekly 3  
Bi-Weekly 1  
On-Demand 10 

*Daily: scheduled adaptation for all fractions. Weekly: scheduled adaptation 
each week. Bi-Weekly: scheduled adaptation twice a week. On-Demand: adap
tation per clinical judgement. Adaptation scheme was based on clinician 
judgement regarding expected tumor response, weight changes, and response to 
prior fractions. 
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2.5. Statistical analysis 

Univariate analyses were performed to assess the influence of strat
ifying factors on clinical CTV coverage by AID-based plans and geo
metric performance, and subsequent multivariate regressions including 
significant or near-significant factors (p <= 0.1) from univariate ana
lyses were then performed. Change in clinical nodal volumes by fraction 
was assessed as well. Statistical analyses were performed using Python 
3.11.2 [30], Scipy 1.10.1 [29], and Statsmodels 0.13.5 [32] in Jupyter 
Notebook 6.4.12 [33]. Additional detail on acquisition of descriptive 
statistics and statistical test selection is described in the Supplemental 
Methodology. 

To determine whether instances of poor AID to clinical CTV lymph 
node boost alignment were attributable to inaccuracy of the clinical or 
AID contour, CTV lymph node boost structures with an AID to clinical 
95 % Hausdorff distance > 30 mm were visually assessed by three of the 
co-authors. 

3. Results 

For AID plan coverage of clinical CTV lymph node boost structures, 
median D100 was 1.00 (IQR:0.05), median D95 was 1.01 (IQR:0.02), 
median V100% was 1.00 (IQR:0.04), and median V95% was 1.00 
(IQR:0). With dose from AID contour-based plans, a D100 > 95 % was 
attained in 76 % of CTV lymph node boost structures, and a D95 > 95 % 
was attained in 85 % of CTV lymph node boost structures (Fig. 1A). 
Distribution of clinical dose over clinical CTV lymph node boost 

structures is shown in Fig. 1B for reference. 
Geometric AID to clinical CTV lymph node boost structure compar

isons revealed a median dice similarity coefficient of 0.66 (IQR:0.37 
mm), median false positive dice of 0.27 (IQR:0.37 mm), median false 
negative dice of 0.42 (IQR: 0.44 mm), and median 95 % Hausdorff 
distance of 4.0 mm (IQR: 4.2 mm) (Fig. 1C). A median false positive dice 
of 0.00 (IQR: 0.01 mm) was obtained when comparing clinical CTV 
lymph node boost structures to AID PTV lymph node boost structures 
expanded 5 mm from AID CTVs. Across all dose and geometric metrics, 
AID CTV lymph node boost contours performed worse than clinical 
contours (p << 0.01) (Supplementary Table 1). 

Univariate analyses for dose and geometric metrics are included in 
Supplementary Tables 2-5. In multivariate analysis, daily adaptation, 
increased fraction number, and larger clinical nodal volume on CBCT 
were significantly associated with reduced clinical CTV coverage by 
AID-based plans (Table 2), though clinical nodal volume demonstrated 
mixed geometric performance (Supplementary Table 6). Increased 
fraction number was associated with decreased clinical CTV lymph node 
boost volume (Spearman rho: − 0.03), but this trend was not significant 
(p = 0.43). 

The clinical vs. AID contour 95 % Hausdorff distance was > 30 mm in 
3.7 % of CTV lymph node boost structures, revealing instances of sig
nificant spatial discrepancy. Qualitative assessment determined that 
inaccuracy of the AID contour was responsible for the extreme dissim
ilarity in all 24 cases of high 95 % Hausdorff distances. One instance of 
poor AID nodal detection is illustrated in Fig. 2. Additionally, AID 
contours often overlooked entire slices of clinical CTV lymph node boost 

Fig. 1. A. Histogram plots showcasing distribution of AID and clinical dose over clinical CTV LNbst structures. B. Histogram plots showcasing distribution of metrics 
from geometric comparison of AID vs. clinical CTV lymph node boost structures. 
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contours in certain nodes, as shown in Structure 1 of Supplementary 
Fig. 2A. 

4. Discussion 

Simultaneous nodal target coverage during pelvic online cone-beam- 
based ART for cervical cancer is just being explored in the clinical space, 
and the validity of AI-deformed nodal contours is unproven. We have 
demonstrated that online cone-beam-based ART plans generated from 
unedited AID contours can provide reasonable clinical CTV lymph node 
boost coverage in many situations with a 5 mm PTV. However, nodal 
characteristics vary across patients, and treatment-related changes may 
affect the ability of AID contours to consistently identify true nodal 
position and volume. 

Multiple nodal characteristics influence the clinical feasibility of AID 
contours. In multivariate analysis, coverage of clinical CTV lymph node 

boost structures by AID contour-based plans was significantly reduced in 
later fractions, larger nodes, and nodes from patients receiving daily 
adaptation. In these scenarios, significant difference between the 
simulation CT and day-of-treatment CBCT was likely due to pre- 
treatment expectation of tumor response and anatomic change over 
the course of treatment respectively. Greater image-to-image discrep
ancy presents a harder deformation task, potentially explaining the 
reduced AID performance. This effect was identified by Li et al. who 
found a reduction in deformable image registration-based segmentation 
performance over time in head and neck ART [34]. Moreover, poor 
anatomic visualization due to post-radiation inflammation and edema, 
which may progressively worsen with increasing radiation effects in 
later fractions, may further contribute to this trend [35]. 

While the American Association of Physicists in Medicine recom
mends a minimal tolerable structure-to-structure dice similarity coeffi
cient of 0.8 to 0.9 for image registration, the median dice similarity 
coefficient across CTV lymph node boost structures was 0.66 [36]. This 
limited geometric performance may be attributable to the greater sus
ceptibility of smaller structures, such as nodes, to translational shift 
[37,38]. Nonetheless, the 5 mm CTV to PTV expansion in the setting of a 
median AID to clinical CTV 95 % Hausdorff distance of 4.0 mm 
accounted for this poor geometric performance, resulting in full AID PTV 
coverage of clinical CTV lymph node boost structures in over half of 
studied nodes. However, AID-based plan coverage of clinical CTVs may 
have been insufficient with a reduced margin. Smaller clinical nodal 
volume on CBCT was associated with improved clinical CTV coverage by 
AID-based plans, which can be attributed to the statistically significant 
and linear relationship between nodal size and 95 % Hausdorff distance 
(Supplemental Table 6). Lastly, while intra-fractional motion is 
comparatively small with prior studies demonstrating a 1.2 mm average 
overall patient displacement over 15 min for supine patients, intra- 
fractional shift is a pertinent factor that may affect optimal CTV to 
PTV expansion [7]. 

It is additionally important to consider that variance in AID contour 
performance leads to the occasional generation of clinically unaccept
able outlier contours (Fig. 2). Nonetheless, such nodes may be accounted 
for via rapid physician review due to their readily apparent inaccuracy. 
Physicians can also prevent detrimental contours by referencing the 
original planning CT contours from CT simulation or by utilizing rigid 
contour propagation, which has can be valuable in instances of poor 
nodal visibility or limited mobility relative to bone [23]. 

While multiple studies have evaluated AID contours in the setting of 
pelvic online cone-beam-based ART [22,23,5,6], Åström et al., was the 
only study to separately analyze the quality of nodal AID contours [23]. 
Similar to our study, Åström et al. assessed the geometric overlap be
tween nodal AID and clinical contours and AID-based plan coverage of 

Table 2 
Robust (Huber) regression evaluating multivariate effect of stratifying factors on 
AID-based plan coverage of CTV nodal contours. * denotes significance.   

D100 D95 

Variable Coefficient P-value Coefficient P-value 

Intercept 1.02 <<0.01* 1.02 <<0.01* 
Inguinal 0.01 0.13 0.01 0.04 
Para-Aortic − 0.01 0.06 − 0.01 0.02 
Lower-Pelvic <<0.01 0.01 -<0.01 0.02 
Upper Pelvic reference reference reference reference 
Daily Status − 0.01 <0.01* − 0.01 <<0.01* 
Intra-fraction Nodal Count NI NI NI NI 
Clinical Volume -<0.01 <<0.01* -<<0.01 <<0.01* 
Fraction Number -<<0.01 <<0.01* -<<0.01 <<0.01*  

V100% V95% 
Variable Coefficient P-value Coefficient P-value 
Intercept 0.99 <<0.01* 1.00 <<0.01* 
Inguinal 0.01 0.02 -<<0.01 0.02 
Para-Aortic -<0.01 0.66 -<<0.01 0.43 
Lower-Pelvic -<<0.01 0.94 -<<0.01 0.96 
Upper Pelvic reference reference reference reference 
Daily Status -<0.01 0.20 -<<0.01 0.06 
Intra-fraction Nodal Count <<0.01 0.11 <<0.01 0.02 
Clinical Volume -<<0.01 <<0.01* -<<0.01 <<0.01* 
Fraction Number -<<0.01 <<0.01* -<<0.01 <<0.01* 

*A Bonferroni correction was applied to the significance threshold (p = 0.05/ 
number of factors evaluated) for each multiple regression to account for multiple 
comparisons. 
*Reference denotes reference category. Upper pelvic was selected as the refer
ence location as it was the most common nodal location. 
*NI denotes variables not included due to lack of significance or near- 
significance in univariate analysis. 

Fig. 2. An outlier CTV LNbst structure with poor AID to clinical CTV lymph node boost structure alignment (HD95 > 30 mm). Red = Clinical contour, Blue = AID 
contour. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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nodal clinical contours. Yet, this analysis was limited to simulated 
treatment sessions, which do not capture the complexities and time- 
pressure of the clinical environment, pertained to anal as opposed to 
cervical online cone-beam-based ART, and treated nodal contours as 
single CTVs. Our novel DICOM processing method of delineating indi
vidual nodes from CTV structures encompassing multiple nodes allowed 
for an evaluation of individual node quality stratified by nodal charac
teristics, which has not yet been demonstrated in the literature. This 
information is essential to clinicians, as nodal AID contours are not 
uniformly accurate or inaccurate, and thus should not be invariably 
accepted or rejected. Identifying specific situations when AI-guided 
deformation is likely to be valuable thus provides clinicians with a 
more nuanced understanding of the optimal use of AID contours in 
clinical practice. 

The clinical application of online cone-beam-based ART extends 
beyond cervical cancer, demonstrating effectiveness in pelvic malig
nancies such as prostate cancer, achieving sufficient PTV coverage with 
~ 20 min treatment times [39] and generating AID nodal contours 
requiring no edits in most cases [40], and anal cancer, attaining re
ductions in OAR toxicity relative to non-adapted radiotherapy [23]. 
Online cone-beam-based ART has furthermore demonstrated feasibility 
in simulation-free palliative radiotherapy of thoracic, thoracic spinal, 
abdominal, lumbar spine/sacral, and pelvic treatment sites, highlighting 
its versatility [41]. Given uniformity in online cone-beam-based ART 
workflow across different clinical scenarios [42], our methodology of 
stratified nodal assessment may be widely applicable. Implementing this 
approach could enhance our understanding of AID nodal contouring in 
numerous treatment sites, mirroring the insights gained from our ob
servations in cervical cancer. 

Limitations of our study are as follows. First, clinical CTV lymph 
node boost contours were the gold standard for AID contour evaluation. 
However, the difficulty and time pressure of nodal contouring on CBCT 
may have produced sub-optimal clinical contours. Future improvements 
in CT hardware and reconstruction may alleviate this limitation. Second, 
in our workflow, AI-generated influencer structures were edited by ra
diation therapists prior to AID contour generation. 25 % of AI-influencer 
structures have been found to require major editing [22]. Thus, our 
findings may not generalize to workflows lacking human review of AI- 
generated influencer structures. Third, AID to clinical CTV lymph 
node boost comparisons assumed that the adaptive plan was selected for 
clinical delivery. This does not always occur. The adapted plan, which is 
re-optimized on day-of-treatment contours, or the scheduled plan, a 
translation of the pre-treatment plan onto day-of-treatment anatomy, 
can both be selected. Still, prior research indicates that the adapted plan 
is qualitatively superior in 88 % of cases [22]. Fourth, our study does not 
address the acceptability of rigidly propagated contours, which are often 
used as a baseline when nodes are difficult to visualize on CBCT, Fifth, 
plan-based coverage was based on both nodal and non-nodal AID con
tours, so the specific influence of AID lymph node boost contours as 
opposed to other target and OAR contours on clinical CTV lymph node 
boost coverage was not determined. Nonetheless, nodal structures are 
typically far apart from and minimally influenced by non-nodal struc
tures. Sixth, the impact of AID-based plans on non-nodal clinical CTVs 
and OARs was not assessed. Lastly, minor issues arose in nodal analysis. 
We were unable separate discrete nodes if they were contoured within a 
single structure, and nodes with very small volumes presented issues 
with volume and dose calculation. Our nodal findings may additionally 
be biased by the large fraction (64 %) of nodal events from daily adapted 
patients. 

In future studies, a more complete assessment of automated nodal 
contouring for online cone-beam-based ART can be achieved by inves
tigating the quality of clinical contours, the acceptability of rigidly 
propagated contours, the importance of AI-influencer structure editing, 
and the effects of intra-fraction motion on nodal coverage. Investigating 
the clinical acceptability of nodal contours should also be performed 
with different margins, focusing on how margin reduction may improve 

OAR toxicity while preserving CTV coverage. Lastly, we hope to build on 
our existing work by evaluating nodal coverage in non-cervical online 
cone-beam-based ART and in MR-based online adaptive radiotherapy. 

In summary, unedited AID contours have the capacity to generate 
treatment plans with sufficient dose to most clinically defined nodal 
structures with a 5 mm margin. Thus, AID-generated contours may often 
serve as a viable starting point for contour editing. Nonetheless, in
stances of AID failure mandate at minimum a quick review of all un
edited AID contours, and we further recommend that additional 
physician editing and attention be devoted to nodes that are larger, from 
later fractions, and from patients treated with daily adaptation. 
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