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A B S T R A C T   

Background and purpose: Since 2011, our center has been using a library-based Plan-of-the-Day (PotD) strategy for 
external beam radiotherapy of cervical cancer patients to reduce normal tissue dose while maintaining adequate 
target coverage. With the advent of fully online-adaptive techniques such as daily online-adaptive replanning, 
further dose reduction may be possible. However, it is unknown how this reduction relates to plan library ap-
proaches, and how the most recent PotD strategies relate to no adaptation. In this study we compare the per-
formance of our current PotD strategy with non-adaptive and fully online-adaptive techniques in terms of target 
volume size and normal tissue sparing. 
Materials and methods: Treatment data of 376 patients treated with the PotD protocol between June 2011 and 
April 2020 were included. The size of the Planning Target Volumes (PTVs) was reconstructed for different 
strategies: full online adaptation, no adaptation, and the latest clinical version of the PotD protocol. Normal 
tissue sparing was estimated by the difference in margin volume to construct the PTV and the volume overlap of 
the PTV with bladder and rectum. 
Results: The current version of our PotD approach reduced the PTV margin volume by a median of 250 cm3 

compared to no adaptation. Bladder-PTV overlap decreased from a median of 142 to 71 cm3, and from 39 to 16 
cm3 for rectum-PTV. Fully online-adaptive approaches could further decrease the PTV volume by 144 cm3 using 
a 5 mm margin for residual errors. In this scenario, bladder-PTV overlap was reduced to 35 cm3 and rectum-PTV 
overlap to 11 cm3. 
Conclusion: The current version of the PotD protocol is an effective technique to improve normal tissue sparing 
compared to no adaptation. Further sparing can be achieved using fully online-adaptive techniques, but at the 
cost of a more complex workflow and with a potentially limited impact. PotD-type protocols can therefore be 
considered as a suitable alternative to fully online-adaptive approaches.   

Introduction 

External beam radiotherapy (EBRT) is an important part of the 
treatment of locally advanced cervical cancer (LACC) patients. Inter- 
fraction deformations in pelvic anatomy are known to vary widely in 
size within this patient group [1–4], resulting in large inter-patient 
differences in target mobility. Consequently, population-based margins 
are undesirable as they disadvantage patients with low target mobility in 
terms of normal tissue sparing [5,6] or compromise the target coverage 
of the other patients, if chosen too small. 

To account for highly variable target mobility, online-adaptive 

strategies based on a library-of-plans Plan-of-the-Day (PotD) – contain-
ing pre-treatment optimized plans – have been developed, as previously 
proposed and implemented by our institute [4]. In this strategy, an 
individualized non-rigid motion model is used to construct one or two 
internal target volumes (ITV) encompassing the position of the cervix 
and uterus as a function of bladder volume. In addition, a large margin 
back-up plan is added to the plan library as a safety measure that is 
applied if adequate target coverage cannot be achieved with the library 
plans. Plan selection is performed using daily acquired cone beam 
computed tomography (CBCT) scans. 

This protocol was clinically implemented in 2011 and results for the 

* Corresponding author at: Erasmus MC Cancer Institute, Department of Radiation Oncology, Dr. Molewaterplein 40 3015 GD, Rotterdam, the Netherlands. 
E-mail address: d.reijtenbach@erasmusmc.nl (D. Reijtenbagh).  

Contents lists available at ScienceDirect 

Radiotherapy and Oncology 

journal homepage: www.thegreenjournal.com 

https://doi.org/10.1016/j.radonc.2023.110009 
Received 3 August 2023; Received in revised form 4 November 2023; Accepted 8 November 2023   

mailto:d.reijtenbach@erasmusmc.nl
www.sciencedirect.com/science/journal/01678140
https://www.thegreenjournal.com
https://doi.org/10.1016/j.radonc.2023.110009
https://doi.org/10.1016/j.radonc.2023.110009
https://doi.org/10.1016/j.radonc.2023.110009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.radonc.2023.110009&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Radiotherapy and Oncology 190 (2024) 110009

2

first 64 patients were published in 2014 [8]. The protocol showed sig-
nificant organ at risk (OAR) dose sparing, but at the cost of a more labor- 
intensive clinical workflow, as multiple treatment plans have to be made 
for each patient and the appropriate plan has to be selected at each 
fraction. Since then, fully automated planning of the library plans has 
helped to reduce the workload [9]. Furthermore, the protocol has been 
gradually improved. As an example, tighter ITV-to-PTV margins were 
implemented to further reduce the size of the Planning Target Volumes 
(PTVs). In 2017 it was reported that 25 % of all Dutch centers specialized 
in gynecological radiotherapy employed a library-of-plans-based 
approach for cervical cancer patients [10], meaning that 75 % of the 
Dutch centers still applied a non-adaptive, single-plan approach. In 
contrast, fully online-adaptive approaches, either MR- or CBCT-based, 
have been developed that include daily segmentation and re- 
optimization to make a new treatment plan fitting the anatomy of the 
day [11–14]. 

To support decision-making about the strategy to be implemented, 
information about the advantages of both adaptation methods compared 
to no adaptation approaches is crucial. However, this information is 
currently lacking. The performance in terms of OAR sparing of the 
currently implemented library-of-plans protocol has not yet been re-
ported for substantial cohorts, nor the differences of such a protocol 
compared with fully online-adaptive workflows and no adaptation. 
Therefore, the aim of this study is to evaluate the capacity of the library- 
of-plans protocol to spare normal tissue, compared to non-adaptive and 
fully online-adaptive protocols. For this evaluation, the currently 
implemented PotD protocol was retrospectively applied to a historical 
cohort of PotD patients and the estimated normal tissue was compared 
with no adaptation and with fully online-adaptive approaches for the 
same patient cohort. 

Methods and materials 

All cervical cancer patients treated with the PotD protocol from June 
2011 until April 2020 were included under IRB study waiver MEC- 
2021–0338. Patients were treated with radiation therapy and concur-
rent chemotherapy, or with concurrent hyperthermia in case of con-
traindications to undergo chemotherapy. In case of bulky tumors beyond 
FIGO stage IIB or positive para-aortic lymph nodes, patients were 
treated with neo-adjuvant chemotherapy, and radiation therapy with 
concurrent hyperthermia. The initial version of the PotD protocol has 
been described previously [4]. Patients had four polymer markers 
implanted in the fornices of the vagina to aid in daily position verifi-
cation on the CBCT scan. Patients were asked to follow a bladder-filling 
protocol before pre-treatment imaging and for each external beam 
radiotherapy (EBRT) fraction [8]. Delineations of bladder and low risk- 
clinical target volume (CTV, consisting of gross target volume, cervix, 
uterus, upper one-third of vagina, and parametrial tissue) were made on 
the full and empty bladder Computed Tomography (CT) scan. The CTV 
was contoured with the help of fused MR images. To construct the ITV, 
an in-house developed unidirectional thin plate spline robust point 
matching registration algorithm was used [15]. The algorithm is capable 
of describing the deformation of the bladder and uterus between the full 
and empty bladder CT scan, allowing interpolation of intermediate po-
sitions of bladder filling. For example, with the algorithm mid-full 
bladder and uterus position can be simulated. 

In the current clinical PotD protocol, a tip-of-uterus displacement 
between full and empty bladder below 2 cm classifies a patient as a non- 
mover patient. For this type of patient one full-range ITV is constructed 
from the empty to the full bladder CTV position (full-bladder plan), 
followed by an (±x, ±y, +z) 5 mm expansion. Above 2 cm, a patient is 
considered a mover and two sub-ITVs are constructed - one encom-
passing the target position from empty to half-full bladder (empty- 
bladder plan), and one encompassing the half-full to full-bladder target 
position (full-bladder plan). For both types of patients an isotropic 5 mm 
margin is then applied to the ITVs and elective nodal CTV to construct 

the different PTV structures. 
In addition to these plan library PTV volumes, a motion-robust back- 

up plan was constructed. The procedure was the same for mover and 
non-mover patients, and comprised the full-range ITV from empty to 
full-bladder position with the elective volume and a margin expansion of 
15 mm margin (±x, ±y, +z) in all directions but caudal (10 mm) to the 
ITV, combined with an isotropic 5 mm-margin to the elective CTV. 
Historically, these margins have also been modified throughout the 
years, and an overview of the modifications is listed in Appendix A. 
Daily CBCT imaging is utilized on the linear accelerator to position the 
patient, and subsequently to allow for plan selection from the plan li-
brary. Patients were irradiated in 23 fractions of 2 Gy EBRT or 28 
fractions of 1.5 Gy until 2019. After 2019 all patients were irradiated in 
25 fractions of 1.8 Gy, in accordance with the EMBRACE II protocol 
[21]. 

The clinically-used full-bladder plan PTV at planning was collected 
for all patients and evaluated as PTVPOTD, hist. The retrospective appli-
cation of the current clinical protocol, as described in the previous 
paragraph, was performed for all patients and evaluated as PTVPOTD, curr. 
As comparison, the current version of the motion-robust back up plan 
PTVNONADAPT, curr was retrospectively computed for the entire cohort. 
The clinically-used motion-robust back-up plan volumes were collected 
for analysis as PTVNONADAPT, hist. All aforementioned volumes were 
evaluated on the full bladder planning CT scans, as patients were 
instructed from the drinking protocol. To further estimate the clinical 
performance of the PotD protocol, the starting date of treatment, the 
number of fractions given and the daily selected plan (full bladder, 
empty bladder, or back-up) were collected. 

To simulate improvements to the historic and current clinical pro-
tocol, an expansion of the plan library from one to two, three and four 
plans was simulated for all patients, where the total ITV was equally 
divided according to the mover patient strategy – for example from 0 to 
33 %, 33 %-67 % and 67 %-100 % bladder filling for the three-plan ITV – 
resulting in PTVx ITV, with x being the number of ITVs. The ITVs were 
combined with the elective volume and expanded with the currently- 
implemented margins, and the ITV corresponding to the largest 
bladder filling was reported. Finally, fully online-adaptive scenarios 
were simulated, where 2.5 and 5 mm margins were applied to the CTV 
and the elective CTV, resulting in PTVFA, 2.5mm and PTVFA, 5mm. To 
facilitate inter-patient comparison, the margin volume of all reported 
PTV volumes was computed by subtracting the elective and tumor CTV 
volumes from the PTV volumes. 

Comparison of all collected and computed PTV volumes was used to 
compare OAR sparing of the different adaptation strategies, and to 
assess potential gain by employing a fully online-adaptive strategy, 
where tip-of-uterus displacement was included to assess the target 
mobility of the entire cohort. Tip-of-uterus displacement was assessed 
with the 99th percentile of the Hausdorff distance (HD99) between the 
full and empty bladder position of the CTV. The incidences of replanning 
were reported, and the planning structures of CTVs and OARs (bladder, 
rectum) were collected. Replanning, consisting of new CT imaging and 
plan library creation during the treatment course, was generally carried 
out when back-up plans were selected more than three times during 
treatment. To estimate the radiation-induced toxicity burden of the 
different treatment approaches the overlap in cm3 between PTV and 
collected OARs on the full bladder CT-scan was registered as a surrogate 
for the dose parameters (V45Gy). 

Results 

A total of 376 patients was included in this study. For the whole 
cohort, 75.5 % of the chosen plans of during treatment was a full-bladder 
plan, 12.6 % an empty-bladder plan, and 11.9 % a back-up plan. A total 
of 67 out of 376 patients (18 %) required full replanning at one or more 
points during their treatment. The historically-employed PTVPOTD, hist 
and PTVNONADAPT, hist margin volumes are depicted in Fig. 1, together 
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with the back-up plan selection throughout the years. PTVPOTD, hist 
margin volumes have decreased with a median volume of 710 cm3. From 
2011 to 2013 no separate PTVNONADAPT, hist structure was constructed, 
but instead a four-field 3D conformal radiotherapy plan was planned 
upon the PTVPOTD, hist structure, resulting in a larger V45Gy volume and 
thus a more robust plan. Back-up plan selection has decreased and sta-
bilized to 12 % in 2020. 

Retrospective reconstruction of the current protocol and the calcu-
lation of plan library expansions was possible for 243 patients (65 % of 
the full cohort), due to differences in delineation practices before and 
after 2016. Fig. 2 displays the collected PTV volumes (PTVPOTD, hist and 
PTVNONADAPT, hist) of all 376 patients and reconstructed PTV volumes 
(PTVPOTD, curr, PTVNONADAPT, curr, PTVx ITV, PTVFA 2.5mm and PTVFA 5mm) 
of 243 out of 376 patients. The results of the mover patient subgroup 
(uterine displacement of equal or more than 2.5 cm) can be found in 
Appendix B. A median theoretical margin volume decrease from 841 to 
593 cm3 was achieved by employing the current version of the PotD 

library (PTVPOTD, curr) instead of a non-adaptive approach (PTVNONA-

DAPT, curr). Taking a weighted average of 12 % back-up plan selection 
(PTVNONADAPT, hist) and 88 % daily Plan-of-the-Day selection (PTVPOTD, 

hist) resulted in an achieved median 208 cm3 decrease compared to a 
non-adaptive approach. Expansion of the PotD library did not yield large 
margin reductions for the whole patient cohort beyond the currently- 
employed two-ITV plan libraries (PTV2 ITV). With a fully online- 
adaptive strategy without the need of a back-up scenario, the median 
PTVFA 5mm margin volume was 449 cm3 compared to a 233 cm3 median 
volume of PTVFA 2.5mm. 

The uterine mobility (HD99) within the full cohort is displayed in 
Fig. 3. The median movement was equal to 16 mm between full and 
empty bladder position, while 75 % all patients displayed movement of 
less than 25 mm. A total of 95 % of the population had uterine move-
ment below 42 mm. The overlap between bladder or rectum and 
different PTV volumes (PTVPOTD, curr, PTVNONADAPT, curr and PTVFA 

2.5mm) for individual patients as a function of HD99 is displayed in Fig. 4. 

Fig. 1. On the left axis the margin volume is displayed in cm3 of different PTV structures attributable to CTV-to-PTV expansions for historically used structures 
(PTVNONADAPT, hist and PTVPOTD, hist) through the years. On the right axis the usage of BU plans as a percentage of all treatment fractions is displayed. Data points were 
grouped per half year. 

Fig. 2. Distributions in cm3 of collected PTV volumes (PTVPOTD, hist and PTVNONADAPT, hist) of 376 patients and reconstructed PTV volumes (PTVPOTD, curr, 
PTVNONADAPT, curr, PTVx ITV, PTVFA 2.5mm and PTVFA 5mm) of 243 out of 376 patients. Boxes depict 25th percentile, median, and 75th percentile. Outliers are defined as 
points below or above 1.5 times the interquartile ranges from median. 
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For PTVNONADAPT, curr and PTVPOTD, curr a median decrease in overlap 
from 142 to 71 cm3 was present for bladder, and from 39 to 16 cm3 for 
rectum. Fully online-adaptive approaches PTVFA 5mm and PTVFA 2.5mm 

could further decrease the overlap to 35 or 17 cm3 for bladder and to 11 
or 5 cm3 for rectum, demonstrating a major gain for bladder specifically 
for fully online-adaptive techniques. 

Overlap of bladder and PTVNONADAPT, curr, PTVPOTD, curr or PTVFA 5mm 
volume was shown to correlate to HD99, as higher HD99 values corre-
sponded to higher overlap volumes. As an example, a specific patient 
with a HD99 value of 44 mm would have had 420 cm3 bladder- 
PTVNONADAPT, curr overlap, 160 cm3 bladder- PTVPOTD, curr overlap and 
35 cm3 bladder- PTVFA 5mm overlap. For a patient with a HD99 value of 
2.5 mm this would have been 48 cm3 bladder-PTVNONADAPT, curr overlap, 
29 cm3 bladder- PTVPOTD, curr overlap and 14 cm3 bladder- PTVFA 5mm 
overlap. For rectum this HD99 dependency was not present, and dif-
ferences between PTVPOTD, curr and PTVFA 5mm overlap volumes were 
generally smaller (Fig. 4B). 

Discussion 

In this paper we have reported a comprehensive analysis of our 
library-of-plans-based PotD protocol for cervical cancer patients in the 
context of the clinical implementation of expanded plan libraries and 
fully online-adaptive techniques. We believe this to be the first study of 
its size demonstrating the performance of PotD protocol for cervical 
cancer patients compared to non-adaptive and fully online-adaptive 
techniques. The dataset used in this study extends the work published 
by Heijkoop et al. in 2014 by displaying the historic development and 
current performance of the PotD protocol by itself and compared to 
other techniques. 

Fig. 3. Distribution of 99th percentile Hausdorff distance (HD99) of the CTV as 
an assessment of tip-of-uterus displacement between full and empty bladder CT 
scan. Left panel depicts boxplot with HD99 values in the population, the right 
panel a histogram of the distribution. The distribution is skewed towards lower 
HD99 and thus smaller displacements. 

Fig. 4. Distributions of the overlap of bladder as a function of HD99 between PTVFA 5mm and PTVNONADAPT,curr and between PTVFA 5mm and PTVPOTD, curr in panel A 
and B. Distributions of the overlap of rectum as a function of HD99 between PTVFA 5mm and PTVNONADAPT, curr, and between PTVFA 5mm and PTVPOTD, curr are 
displayed in panel C and D. Data point color corresponds to the HD99 distance in mm (colorbar). 
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As an overview, a total of 18 % of the treated patients required 
replanning one or more times within the PotD protocol. Replanning is 
performed in case the back-up plan (PTVNONADAPT) is selected too 
frequently, in case persistent deviations from the library are present, or 
in case of noticeable anatomy changes, such as weight loss or substantial 
tumor shrinkage (in case of bulky tumors at planning). Back-up plan 
selection could occur due to image quality problems or due to target 
coverage problems with PTVPOTD. In addition, in this study PTV margin 
volumes are considered as a surrogate for V45Gy volumes. As dose 
deformation and dose accumulation for this treatment site are by 
themselves difficult to perform reliably, plan selection and adaptation 
complicate these analyses even further. With the arrival of better daily 
imaging in MR and CBCT technology such analyses can be performed to 
better estimate accumulated target and OAR doses. 

After the initial publication by Heijkoop et al. in 2014, smaller 
margins were gradually implemented, inducing less plan robustness to 
pelvic mobility that is not currently included in the bladder-based mo-
tion-model. In 2019, the ITV-to-PTV margins were enlarged again for 
non-mover patients in an attempt to mitigate the amount of replanning 
that was observed for this patient group, and reduce back-up plan se-
lection for this cohort. A thorough analysis to determine whether this 
attempt was successful has yet to be carried out. The 12 % back-up plan 
selection and incidences of replanning could indicate that the current 
margin-limit with the bladder-uterus motion model has been reached. 
Bladder-induced motion represents the majority of uterus displacement 
[16], but margins remain necessary to account for other types of pelvic 
motion. Bondar et al. demonstrated that a 7-mm CTV margin was 
necessary for the currently-used motion model to obtain sufficient 
coverage within a fourteen-patient study population [4]. The currently- 
used margin for mover patients is smaller (5 mm), and the incidence of 
back-up plan selection and replanning seems to demonstrate that an 
optimum has been reached for the current clinical situation. Neverthe-
less, our results demonstrate that protocol modifications have resulted 
in substantially lower PTV volumes. 

Besides margin reduction, expanding the current plan library would 
theoretically benefit patients with large motion in terms of normal tissue 
sparing. However, as demonstrated in Fig. 3, the number of patients 
with large motion is low. Most of the patients (75 %) had tip-of-uterus 
displacement smaller than 2.5 cm, for which a single-ITV plan library 
might suffice, and 95 % of the patients had a uterine displacement below 
4.8 cm. Taking the abovementioned limitations of the current strategy 
into account, a plan library expansion might not be effective for the 
whole patient cohort. On an individual basis however, patients with 
large uterine movement could still greatly benefit from this. A possible 
increase in back-up plan selection due to the expansion of the library is 
not taken into account in this study, but might negate the intended 
normal tissue sparing. Other retrospective studies have reported on the 
results of three- to seven-plan libraries for 10 to 14 patients, but 
employed different and larger CTV-to-ITV or ITV-to-PTV margins, 
making a translation to our results difficult [6,17]. Potentially an update 
of the motion model to incorporate other pelvic motions (such as rectum 
filling) could also benefit non-mover patients, but no clinical results for 
such motion models have been reported yet [16]. No matter the 
preferred type of plan library, additional clinical workload has to be 
considered when creating multiple treatment plans to construct the 
library. 

Without plan libraries, the next step to further reduce the PTV vol-
ume and potentially radiation-induced toxicity could be the application 
of a fully online-adaptive strategy. For fully online-adaptive strategies, 
both a 2.5 and 5 mm margin were simulated in this work. The 2.5 mm 
margin appears to be too optimistic especially for patients displaying 
bigger movement within the current capabilities and timeframes of fully 
online-adaptive replanning [1,17,18], but was included in this study as 
an ultimate goal. Especially for relatively large mover patients the 
overlap volume for bladder and PTVPOTD, curr would decrease when 
employing a fully online-adaptive strategy. As the current PotD strategy 

includes bladder filling as foundation for the ITV construction to create 
the plan library, it is a logical consequence that omitting the bladder- 
based ITV for a CTV-based approach spares the bladder. The ITV 
approach ensures target coverage when bladder filling displaces the 
target, but increases overlap with bladder compared to fully online- 
adaptive strategies. For rectum the overlap volume also decreases 
when employing the fully online-adaptive approach, but does not 
appear to correlate with uterine mobility (HD99). 

Taking all results into account, a fully online-adaptive approach with 
tight margins would yield the most significant improvements for our 
patient cohort in terms of normal tissue sparing. However, the execution 
of a fully online-adaptive strategy on an MR-linac is not easily applicable 
to LACC-patients, due to the long fields and longer treatment times, 
requiring multi-isocenter plans or larger margins to overcome intra- 
fraction motion [19,20]. Alternatively, fully online-adaptive treat-
ments could be executed through CBCT-based workflows. For consid-
eration, soft tissue contrast is worse compared to MR-linac imaging, 
which could potentially limit the desired margin reduction [14]. Recent 
advances in the development of CBCT-based fully online-adaptive 
planning, demonstrate a median of 18 min between acceptance of 
reconstructed CBCT to treatment delivery for different pelvic treatment 
sites, which is shorter than MR-based strategies [14]. Regardless of the 
technique, intra-fraction motion between imaging and dose delivery, 
contouring uncertainties, and less optimal treatment plans due to time 
constraints could limit the potential of tissue sparing for fully online- 
adaptive strategies [1,18]. 

The clinical significance of the reported techniques can be quantified 
by normal tissue complication probabilities. Models reported in litera-
ture are not suitable for this study, due to the use of plan libraries and 
use of smaller fully online-adaptive PTV volumes that require significant 
model extrapolation. As an alternative, PTV volume was found to 
correlate with higher incidences of patient-reported diarrhea symptoms 
for the PotD protocol in previous work [7]. A 17 % odds increase of 
patient-reported diarrhea symptoms was found per 100 cm3 increase of 
PTV volume in a univariate analysis, in a cohort where 61 out of 103 
patients had reported diarrhea symptoms. Switching from PTVNONADAPT, 

curr to PTVPOTD, curr could lead to a hypothetical median 42 % odds 
reduction in patient-reported diarrhea symptoms, and an additional 24 
% odds reduction might be found when employing a fully online- 
adaptive approach compared to a library of plans approach. This is 
under the assumption that a PTV volume reduction directly corresponds 
to a V45Gy volume reduction. Large-scale international studies such as 
the EMBRACE II collaboration, can potentially better quantify the 
impact of PTV reductions on toxicity, such that the impact of protocol 
improvements can be better estimated [21]. Nevertheless, the approxi-
mate 50 % reduction in overlap volume for both bladder and rectum 
after implementing a PTVPOTD approach over PTVNONADAPT approach 
will likely have benefitted this patient cohort. 

Conclusion 

This work demonstrates that the over the years optimized library-of- 
plans based PotD strategy has resulted in an effective protocol to reduce 
normal tissue irradiation compared to a non-adaptive protocol. Further 
reduction of the PTV could be achieved by fully online-adaptive radio-
therapy, but this will only result in a notable reduction if the residual 
margin can be kept small enough. Plan libraries should be strongly 
considered as an alternative to improve normal tissue sparing, as long as 
the availability of fully online-adaptive radiotherapy is not widespread. 
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