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Stereotactic body radiotherapy for locally advanced pancreatic 
cancer is challenging. The tumor is surrounded by healthy organs 
that need to be spared when the radiation is delivered. In addition, 
these organs move and change during treatment, which can 
eventually cause undesired side-effects and toxicity. 

Because of organ motion, the actual dose delivered to the healthy 
tissue is unknown, and doses to the tumor are often compromised to 
protect these organs. Online adaptive radiotherapy can aid to 
lower the dose to healthy tissue and to increase the doses to the 
tumor. 

In this thesis, we have firstly quantified organ motion in pancreatic 
cancer and its dosimetric consequences, and secondly, we have 
explored different adaptive methods to reduce the chance of 
healthy organs over-exposure, which could help to improve the 
clinical outcomes for pancreatic cancer patients.
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1.1. Pancreatic cancer
Pancreatic cancer represents 3% of the diagnosed cancer types, but it is the fourth 

leading cause of cancer-related deaths worldwide. Across Europe in 2021, around 

140,000 people were expected to be diagnosed with it, and around 132,000 were 

predicted to die from it. The five-year survival rate for pancreatic cancer after 

diagnosis is below 10%, the worst survival outcome amongst all cancer types [1–5]. Its 

prognosis has barely improved over the past 40 years, and its incidence is increasing 

by 0.5 to 1% per year. By 2030, it is predicted to be the second leading cause of cancer-

related deaths [6,7]. 

Pancreatic ductal adenocarcinoma is the most common form (90%) of pancreatic 

cancer [6]. Surgery remains the treatment option reporting the best outcomes to cure 

the disease [6,8,9]. However, the vague symptomatology of pancreatic cancer and 

the absence of effective screening tests cause it is often diagnosed in an advanced 

stage or when other organs are already affected [5,6]. Tumor staging and resection 

risk are determined by the extent of the pancreatic tumor being in contact with the 

surrounding blood vessels [6,10,11]. At the time of diagnosis (Figure 1.1-A), only 

10-15% of patients present a resectable (stage I) or borderline resectable (stage II) 

tumor, and hence, are eligible for surgery. About 30 to 35% of the patients present an 

unresectable locally advanced pancreatic carcinoma (LAPC) (stage III), and 50-55% 

already have metastasis (stage IV), i.e. the disease is already spread to other parts of 

the body [6,11–14]. Whereas overall five-year survival rates are 20-25% for patients 

receiving surgery, it is <5% for patients with an unresectable tumor. For patients with 

metastatic disease, for whom currently only chemotherapy is a viable treatment, their 

average survival rate falls between 2 and 6 months [10,15]. 

This thesis solely focuses on patients with unresectable LAPC tumors. For 

these patients, the main causes of death are local progression (1/3 patients) and 

metastasis (2/3 of patients) [16–19] (Figure 1.1-B). Distant progression in LAPC 

patients commonly appears a few months after diagnosis [20,21]. Noteworthy, local 

progression is also the most predominant cause of death for patients surviving more 

than 15 months despite presenting or not distant metastasis [16,19,22]. For this 

reason, achieving a durable local control or a delay in local progression is of utmost 

importance to improve survival outcomes [5,19,23,24]. Nowadays, these patients are 

treated by combining systemic and local treatments. The preferred systemic multi-

agent chemotherapy is FOLFIRINOX or gemcitabine plus nab-paclitaxel (GNP), 

since both have been associated to improved overall survival (OS) rates compared to 
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single drug regimens [19,25–27]. Local treatments, such as radiation therapy, have 

been intensively explored during the last decade for unresectable LAPC.

1.2. Radiation therapy for pancreatic cancer
Radiation therapy or radiotherapy (RT) is a local treatment modality in which 

ionizing radiation is used to damage the DNA of tumor cells to impair their ability to 

reproduce and grow, eventually resulting in tumor cells death. In RT, multiple high-

energy beams from different angles are targeted at the tumor location. In this way 

high radiation doses can converge into the tumor to eradicate the malignant cancer 

cells, while a minimal dose is delivered to the surrounding healthy tissues that are 

encountered along the beam path. Dose prescribed for treatment, thus, is often a 

compromise between tumor coverage and the tolerance of the nearby organs, so-

called organs-at-risk (OAR). 

In pancreatic cancer, total radiation dose and fractionation schemes have been 

controversial for many years. The risk of toxicity in the OAR, namely the stomach, 

the duodenum and the bowel (all highly radiosensitive organs), has always remained 

a limiting factor to deliver ablative doses. Note in Figure 1.2 the proximity of the 

main OAR to the pancreatic tumor. Historically, therefore, patients with LAPC have 

received a palliative dose regime. Conventional radiotherapy options for pancreatic 

cancer deliver 46 to 60 Gy in 1.8-2.0 Gy per fraction, i.e. treatment day [4,5,19,28,29]. 

Initial clinical trials testing the efficacy of chemoradiotherapy vs. chemotherapy alone 

showed minimal to no survival benefit between both groups, and chemoradiotherapy 

resulted into just a modest local tumor control for LAPC [5,14,19]. This triggered 

the study of stereotactic body radiotherapy (SBRT) treatments for these patients 

[12,30,31], a more precise RT modality able to deliver higher doses in fewer fractions 

compared to conventional RT. SBRT treatments deliver highly conformal doses to 

the target with sharp dose gradients, which further minimize the radiation received 

by the proximal tissues. Delivering higher doses in less fractions also inflicts more 

damage to cancer cells, resulting in a more biologically effective treatment than 

conventional fractionated schemes [32]. The systematic review and metanalysis of 

Tchelebi et al. [4] comparing outcomes of SBRT vs. conventionally fractionated RT, 

showed an improvement of 2-year OS in favor of SBRT of 26.9% vs. 13.7%, reporting 

less severe (grade ≥ 3) acute toxicity, but similar rates of severe late toxicities.

In our institute, the current standard clinical practice for LAPC patient has 

become 8 cycles of FOLFIRINOX followed by an SBRT treatment of 40 Gy in 5 

fractions prescribed to the 80% isodose line. The feasibility of using SBRT for LAPC 
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patients has been shown by various studies [11,31,33–35], resulting in a median OS 

ranging from 15 to 19 months, and a 1-year progression free survival (PFS) between 

76 to 87%. More importantly, in these studies [11,35], the treatment led to an increase 

of resectability rates for 7/39 patients with LAPC after receiving SBRT, 2 of which 

showed a complete pathological response. While these results are promising, these 

patients still report radiation-induced side-effects and undesired toxicity, which 

keeps hampering the pursuit of dose escalation to reach ablative doses. 

Figure 1.1. (A) Diagnosis rates for patients with pancreatic ductal adenocarcinoma, and 
(B) main causes of death for patients with unresectable locally advanced disease (i.e LAPC 
patients). 

Figure 1.2. Main organs-at-risk in pancreatic cancer. The tumor is often encapsulated by the 
stomach, the duodenum and the bowel.
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The abdominal body region is naturally susceptible to organ motion, being mostly 

induced by organs filling/emptying, bowel peristalsis, air pockets causing changes in 

the gastrointestinal track, or by respiration [12]. If these variations in the OAR occur 

close to the pancreatic tumor, it can cause these OAR receive more dose than intended 

while being irradiated [36]. This may degrade treatment plan quality, and may 

eventually result into undesired toxicities. Consequently, organ motion management 

in pancreatic cancer patients is clearly demanded. 

1.3. Organ motion management with adaptive 
radiotherapy

Organ motion can occur in different timescales, namely during treatment delivery 

(i.e. intrafraction motion) or on a daily basis (i.e. interfraction motion) (Figure 1.3). 

There are different techniques to account for these anatomical variations. One of 

them is adaptive RT (ART). 

Intrafraction motion mostly includes tumor motion and OAR deformations 

occurring during irradiation, being mostly induced by respiratory and cardiac 

motion. Tumor motion effects can be mitigated by using target tracking [37,38]. In 

the absence of this technique, respiratory motion can be compensated by introducing 

increased margins to the target volume or applying techniques such as breath-holding, 

abdominal compression or gating [39]. Breathing motion can be observed for instance 

by using surface scanning or the Calypso tracking system (Varian Medical Systems 

Inc, Palo Alto, CA). OAR deformations induced by breathing motion can eventually 

be managed using real-time ART, in which the treatment plan is adjusted during 

irradiation without operator intervention [40]. Although relevant, once respiratory 

motion is managed, intrafraction OAR motion tends to be small, and hence, has not 

been addressed further in this thesis.

Interfraction motion includes daily organ variations occurring relative to the target 

position (Figure 1.3). In a conventional RT scheme, the treatment plan is created 

based on a single CT scan acquired several days before starting the treatment: the 

planning CT (pCT), which represents a frozen anatomical configuration of the patient. 

Interfraction motion, hence, accounts for variations between the pCT and the daily 

anatomies that can be seen during each treatment fraction (Figure 1.3). Interfraction 

variations can be addressed with offline and online adaptive RT methods.

Offline strategies can include: enlarging target margins, including error 

scenarios using robust treatment planning, planning using a patient-specific average 
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anatomical model, or triggering a new plan generation when certain situations occur 

(e.g. dosimetric violations happen) [40–42]. These offline approaches are applied 

before the treatment starts or between fractions, and can minimize the effect of daily 

anatomical changes to keep a constant target coverage. 

Online adaptive radiotherapy (oART) includes those methods that make use of daily 

imaging to quantify tumour and organ variations, and to partially or totally adjust the 

treatment plan to the anatomical configuration of that day. Online strategies, hence, 

are applied immediately before the treatment fraction starts. Online ART is mostly 

suitable for treatment sites in which the target volume may deform, or in which OAR 

deformations occur close to the tumor. It can contribute to reduce margins, healthy 

tissue exposure and potentially toxicity, while maintaining an adequate dose to the 

target. For its specific use in LAPC patients, thus, oART has the potential to lead to 

Figure 1.3. Day-to-day (interfraction) changes in shape and position occur in the healthy 
organs with respect to the same tumor position. In the figure, the anatomies observed in the 
CTs taken during the treatment days (i.e. Fx1, Fx2 and Fx3) can be compared to the anatomy 
used to design the radiotherapy treatment plan (i.e. planning CT). Visible organ structures 
(same as Figure 1.2): pancreatic tumor (red), liver (green), stomach (orange), duodenum (dark 
yellow), bowel (blue), left kidney (pink), right kidney (brown), and spinal cord (pale yellow).

Planning CT Fx1 CT

Fx2 CT Fx3 CT
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a more targeted treatment, aiming to further improve local control and to promote 

dose escalation and treatment intensification when the patient anatomy is favorable.

In the first part of this thesis we will focus in determining the importance and 

magnitude of organ motion in pancreatic cancer patients, whereas in the second part, 

we will explore different methods to be able to implement online adaptive RT in our 

clinic.

1.4. Implementation of online adaptive radiotherapy
The implementation of online ART in a clinical setting involves a series of sequential 

events (Figure 1.4): 1) acquisition of a daily 3D (in-room) image; 2) delineation of the 

new anatomy to quantify the dosimetric impact of the anatomical changes that have 

occurred. Next, if the original treatment plan is not suitable, 3) the treatment plan is 

adapted, and finally 4) quality assurance (QA) of the new plan has to be performed 

before this plan can be delivered [33,34]. Despite the fact that the different processes 

involved in ART have been extensively explored during the last decade, software 

tools and methods involved are not fully mature yet, as for instance automatic 

contouring, which is still under development. Computational and execution time of 

all the processes involved in ART play a crucial role, since the patient awaits on the 

treatment couch while all adaptation processes occur. Both timings should be taken 

into account when implementing an ART workflow in the clinic.

Online plan adaptation can be applied in different ways: 1) the isocenter of the 

plan can be relocated to adjust to the new target position, 2) an alternative treatment 

plan (i.e. plan-of-the-day [POTD]) can be selected from a predefined plan library (de-

signed prior to treatment) that best fits the anatomical configuration of the day, 3) 

the multi-leaves collimator positions can be reoptimized, or also 4) fluence, segment 

shape and beam weights can be reoptimized to generate a new replanned dose distri-

bution, leading to a full online replanning strategy [43].

So far, there are only a few commercially available systems that can offer online 

ART. The majority of which make use of integrated systems and on-board cone 

beam computed tomography (CBCT) or magnetic resonance (MR) scanners for daily 

imaging. In this thesis, we explore the use of an alternative non-integrated clinical 

setup using a CT-on-rails scanner combined with a robotic radiotherapy system, so-

called CyberKnife® (Accuray Inc., Sunnyvale, CA, USA). 
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1.5. Clinical setup: CT-on-rails and robotic radiotherapy 
system

The CyberKnife Robotic Radiosurgery (CK) system consists of a compact linear 

accelerator (linac), i.e. the high-energy (6 MV) X-ray source, mounted on a robotic 

arm. This allows the source to be moved and rotated around the patient in a 3D 

configuration, hence, allowing non-isocentric targeting and non-coplanar beam 

arrangements offering a potential advantage in treatment plan quality [37,38]. The 

CK uses planar X-ray image guidance for patient positioning and for beam correction 

to compensate for patient motion during radiation delivery [37]. The CK is often 

employed for SBRT of inoperable or surgically complex tumors, such as prostate, 

lung, brain, spine, liver or, the subject of this thesis, LAPC tumors. 

The CyberKnife offers treatments in combination with the Synchrony® respiratory 

tracking system for targets that show respiratory-induced motion, mainly located in 

the thorax or the upper abdomen. Synchrony tracks the breathing motion in real-time 

using an optical camera and LED markers placed on the patient thorax or abdomen 

acting as tumor motion surrogates, and adapts the radiation delivery to the current 

Figure 1.4. Elements involved in online adaptive radiotherapy. All steps are performed while 
the patient is in treatment position, just prior treatment delivery.

Figure 1.5. Our CyberKnife is integrated with a CT-on-rails in the treatment room. A high-
quality daily CT image (left) is taken prior to fraction delivery. The couch is then rotated 
to treatment position (left), in which the patient receives their treatment on the CyberKnife 
(right). [Photos: courtesy of Erik de Klerck].

Online adaptive workflow:

In-room 
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Automatic 
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Plan adaptation 
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Quality 
assurance of
new RT plan

Treat patient
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tumor position accordingly [37]. Hence, the radiation dose is delivered during free-

breathing, and thus, avoids other forms for intrafraction motion compensation, such 

as gating or abdominal compression [44–49].

The CK together with Synchrony can mitigate to a large extent the effects of intra-

fraction motion of the target, i.e. motion occurring during treatment delivery, such as 

target displacements due to respiration or unintentional movements of the patient. 

This allows us to use a small margin when treating LAPC patients. 

In our institution, our CyberKnife is integrated with a CT-on-rails scanner, which 

offers the possibility of acquiring high-quality diagnostic 3D imaging in the treatment 

room (Figure 1.5). The robotic treatment couch of the CyberKnife offers integration 

between the two systems by moving the patient from imaging to treatment position 

[36]. Daily images obtained at the start of the treatment session are essential to 

evaluate and compensate for interfractional anatomical changes when needed. 

We have explored the use of online ART on the CyberKnife; combining high 

precision, non-isocentric treatment plans with intrafraction motion compensation 

for optimal irradiation of the target, with plan adaptation to minimize the dose to the 

OARs.

1.6. Aims and outline of this thesis
The focus of this thesis has been firstly to investigate and quantify the importance 

of interfraction organ motion in patients with locally advanced pancreatic cancer to 

look into the actual need for adaptive RT (Chapters 2-4), and secondly, to develop 

methods to mitigate organs-at-risk toxicity by implementing online adaptive RT 

(Chapters 5-7) using the CyberKnife system and a high-quality in-room CT scanner.

In Chapter 2, we investigate the dosimetric consequences in the SBRT treatment 

caused by daily OAR variations. In Chapter 3, an OAR motion model is derived to 

predict the most common OAR variations that had been observed among pancreatic 

cancer patients. The model is also used in Chapter 4 to create a predictive tool to 

identify patients that due to day-to-day OAR variations would be prone to dose-

constraint violations during the SBRT treatment. Overall, this application results in a 

patient-selection tool to identify the patients who would benefit the most from ART, 

and the patients who would not require plan adaptation. 

Chapter 5 and 6 explore how to efficiently adopt ART for LAPC by zooming into 

two time-consuming steps: autocontouring and plan adaptation for the CyberKnife 
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system. In Chapter 5, three different fast and quasi-automated plan adaptation 

methods are proposed and compared by means of speed and efficacy. In Chapter 6, 

we compare two commercially available software packages for autocontouring, and 

determine the added value of manually edited autocontours, one of the most time-

consuming steps within ART, over the use of unedited contours based on relevant 

DVH parameters. 

Last but not least, Chapter 7 results into the culmination of our work, and 

describes the feasibility of a clinical implementation of the abovementioned methods 

in an overall clinical ART workflow. This final section shows the translation of the 

research described in the previous chapters to a process that can be used in clinical 

practice. 
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Background and Purpose: Interfraction shape and position variations of organs 

at risk (OARs) may increase uncertainty in dose delivery during stereotactic body 

radiotherapy (SBRT), potentially leading to overirradiation or concessions in planned 

tumor dose and/or coverage to prevent clinical constraints violation. The aim of our 

study was to quantitatively analyze the impact of anatomical interfraction variations 

on dose to OARs in pancreatic cancer (PC) treated by SBRT using a CyberKnife with 

integrated CT-on-rails.

Materials and Methods: Thirty-five PC patients treated with SBRT (40 Gy/5 

fractions) underwent a CT-scan in treatment position before each of the first three 

fractions using the CT-on-rails system. OAR (stomach, duodenum, bowel) were 

manually delineated and concatenated to one structure (Gastro-Intestinal Organ, 

GIO). To overlay the planned dose distribution, fiducial-based alignment of the 

fraction CT with the planning CT was performed. Planned DVH parameters of the 

OAR were compared to the parameters calculated in the fractions CTs. 

Results: Compared to the treatment plan, the median V35, D2, D5, D10 and Dmax 

of the fraction CTs in the GIO was increased by 1.0 (IQR:0.2 to 2.6) cc, 4.4% (0.4 

to 10.8), 2.3% (0.2 to 7.5), 3.3% (-0.4 to 7.1), and 12.0% (5.0 to 18.9), respectively. 

Median increase was statistically significant for all parameters in GIO and for V35 in 

all critical structures at Wilcoxon test.

Conclusions: Anatomical Interfraction variations increase OARs dose during SBRT 

for pancreatic cancer. Daily imaging using integrated CT/CyberKnife may allow to 

implement strategies to reduce the risk of OARs overirradiation during pancreatic 

SBRT.
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2.1. Introduction
Pancreatic cancer (PC) accounts for 6% of cancer-related death in Europe [50] and 

is expected to rank as the second cause of cancer mortality in US and Europe within 

a decade [51,52]. Surgery is the most effective treatment modality, resulting in a 20-

25% 5-year overall survival compared to <5% in unresectable patients [10]. However, 

only 20% of patients are eligible for surgery at diagnosis, while chemotherapy is the 

only reasonable treatment option in 50% of patients showing metastatic disease 

at presentation [10,53]. In the remaining 30% of patients affected by border-line 

resectable or locally advanced disease, integration of chemotherapy with locoregional 

treatments such as radiotherapy has been advocated 1) to control local progression, 

which is responsible for one third of PC-related deaths [16] and 2) as a neoadjuvant 

treatment in selected patients to obtain resectability [54]. However, additional benefit 

of conventional radiochemotherapy compared to exclusive chemotherapy has been 

questioned [14]. 

In recent years, Stereotactic Body Radiotherapy (SBRT) emerged as a valuable 

alternative to conventional radiotherapy. Theoretical advantages of SBRT include: 

shorter duration of treatment course (one-two weeks compared to six weeks), reducing 

the delay to additional chemotherapy or surgery; highly conformal ablative dose to 

the target; sharp dose fall-off resulting in minimal exposure of the organs at risk 

(OAR). Initial results from prospective phase I/II trials showed encouraging disease 

control rates [13]. On the other hand, anatomic proximity of dose-limiting OARs 

poses a serious challenge to the radiation oncologist, often resulting in a trade-off 

between adequate coverage of the target volume and respecting the dose constraints 

of the OARs. Moreover, abdominal OARs (duodenum, stomach, small bowel) may 

experience large intra- and inter-fraction physiological modifications in shape and 

position, adding uncertainty in the dose received by these critical structures: however 

to our knowledge few studies [55–57] investigated the effect of interfraction motion 

in dose delivery to OARs during standard-fractionation radiotherapy or SBRT for 

pancreatic cancer. It is of primary interest to address this issue in order to implement 

online replanning strategies that allow to take into account interfraction variation of 

OAR position [57].  

In our institution, a robotic stereotactic treatment unit (CyberKnife, Accuray, 

Sunnyvale CA) has been integrated with an CT-scanner on rails (Siemens Healthcare, 

Forchheim, Germany). This system allows the evaluation of the daily dose received 

by the OARs [36]. The system has been tested for clinical application in a prospective 

cohort of locally advanced PC patients enrolled in an ongoing phase II trial (LAPC1) 
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evaluating systemic chemotherapy with FOLFIRINOX followed by SBRT. The aim 

of this study has been to quantify the dosimetric impact of anatomical interfraction 

variations in patients who were included in the LAPC-1 study and treated with SBRT.

2.2. Materials and Methods

Study population and treatment protocol

Patients with locally advanced PC at our Institution were included in a prospective 

phase II single arm of a multi-center study assessing the efficacy of 8 cycles of 

FOLFIRINOX chemotherapy followed, in case of stable disease, by SBRT using 

CyberKnife. Prior to treatment initiation, fiducial markers were placed in the tumor 

via endoscopic ultrasonography guidance. Gross tumor volume (GTV) was delineated 

on a 1.25-mm sliced contrast-enhanced CT scan. Clinical target volume (CTV) 

included the GTV plus isotropic expansion of 5 mm to take into account microscopic 

tumor extension. Planning Target Volume (PTV) included the CTV plus 2 mm margin. 

A schedule prescribing 40 Gy in 5 fractions to the 80% isodose line of the PTV was 

used. It was recommended that at least 95% of the prescribed dose should cover 95% 

of the PTV. However, the PTV was allowed to be underdosed in order to meet the 

constraints of dose-limiting OARs. Dose constraints are summarized in Table 2.1. At 

the start of each treatment session, the tracking system of the CyberKnife was used 

for rotational alignment of the patient based on the spine. During treatment fiducial 

tracking was performed using the Synchrony respiratory motion tracking system to 

compensate for respiratory-induced target motion. Informed consent to the study 

procedures was signed by the patients. The study was conducted according to the 

principles of the Declaration of Helsinki and was approved by Institutional Review 

Board with the number NL49643.078.14.

System description and evaluation of daily dose

Detailed description of the system and clinical application for daily dose evaluation 

has been previously reported [36]. 

In summary, in our institution, CyberKnife has been integrated with a CT scanner 

on-rail. The robotic couch of the CyberKnife is used both for imaging and treatment. 

Geometric correspondence between CT and treatment couch rely on a relative 

reference system (image-based matching). At simulation and before each of the first 

three fractions of the treatment, an end-expiration CT scan with IV contrast was 

acquired in treatment position and was used for comparison. Daily CT scans were 
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Table 2.1. Institutional dose constraints for abdominal Stereotactic Body Radiotherapy.

matched offline to the planning CT by applying a rigid registration that reproduces 

the actual tumor alignment at the CyberKnife. The rigid registration consisted of 

a composed transformation, including a spine-match (rotation and translation 

correction), followed by a translation-only match aligning the center of mass of 

the fiducials. The planned dose was overlaid on the daily CT using the obtained 

transformations for offline review. This procedure simulates the clinical procedure to 

align the treatment beams to the target.

Data analysis
On each fraction CT, the abdominal structures (stomach, duodenum, bowels) of the 

planning CT scan were overlaid using the composite transformation. Subsequently, 

the contours were manually adjusted to the anatomy in the fraction CT scan. 

All contouring was done according to the RTOG recommendations to improve 

reproducibility [58]. An additional structure (Gastro-Intestinal Organ, GIO) was 

created by concatenating stomach, duodenum, and bowel. The adjusted contours 

and the overlaid dose distribution were used to generate Dose Volume Histograms 

(DVHs). From the DVHs the following DVH parameters were extracted: the volume 

receiving at least 35 Gy (V35, in cc), maximum dose received by 2 cc (D2, in Gy), 

maximum dose received by 5 cc (D5, in Gy), maximum dose received by 10 cc (D10, in 

Gy), and the maximum point dose (Dmax, in Gy). 

Descriptive analysis was performed to compare the planned DVH parameters 

to the values extracted from the fraction CT scans. For each patient, the average of 

each DVH parameters over the three fraction CT scans was considered to represent 

the actual dose delivered during the treatment course. After verification that all 

parameters were not normally distributed using the Kolgomorov-Smirnov test, 

a Wilcoxon test for paired samples was performed to test the hypothesis that the 

median of the differences in our cohort between the planned and daily measured 

values is significantly different from zero; results were considered significant for a 

p-value <0.05 on two-tails analysis.

Organ Dose-constraint

Spine 5.5 Gy per fraction; Dmax 27.5 Gy

Liver 700 cc must receive less than 20 Gy

GIO 7 Gy per fraction; Dmax 35 Gy 

Kidney Mean Dose:  inferior to 18 Gy as converted in 2 Gray/fraction 
equivalent dose for an α/β = 2.5 Gray
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2.3. Results
A prospective cohort of 35 patients (19 head and 16 body tumors) underwent SBRT for 

the LAPC1 trial and was included in the study. Nineteen tumors were located in the 

head and 16 were located in the body of the pancreas; Median GTV size was 26.8 cc 

(range 5.1-141.0 cc). All patients received the entire planned treatment course without 

interruption. Daily CT for fraction 1, 2, and 3 were available for 35 patients except 

for 2 patients, who underwent 2 daily CTs. In total, 138 CTs (35 planning CTs and 

103 fraction CTs) were evaluated. Comparative evaluation of dosimetric parameters 

is reported in Table 2.2, Table 2.3, and Table 2.4 and graphically shown in Figure 2.1 

and Figure 2.2, and in Appendix A.2 - Figure A.2.1. Tumor location and size did not 

statistically correlate to shift in average tumor-OAR distance and dose increment to 

OARs, respectively (Appendix A.2: Table A.2.1 and Table A.2.2).

Duodenum

Median daily V35 was higher compared to the treatment plan, resulting in a median 

increment of 0.3 cc with an Interquartile range (IQR) from -0.2 to 3.9 cc. D2, D5, 

D10 and Dmax increased in median by 1.8%, 1.8%, 2.3%, and 11.2%, respectively. The 

median V35, D2, D5, D10, and Dmax was increased compared to the planning CT in 

26 (74%), 26 (74%), 24 (69%), 21 (60%), and 29 (83%) of the patients, respectively. 

Daily Dmax exceeded 35 Gy in 30 (86%) and 40 Gy in 16 (46%) of the patients. At 

Wilcoxon test, median daily values were significantly higher than planned for all 

considered parameters.

Stomach

Daily V35 was in median 0.2 cc higher than planned V35. A median increase from 

planned values (by 2.6%, 1.7% and 5.9%, respectively) was observed for daily D2, D5 

and Dmax, but not for D10. Daily measured V35, D2, D5, D10 and Dmax exceeded 

the planned value in 25 (72%), 22 (63%), 19 (54%), 17 (49%) and 27 (77%) patients, 

respectively. Average measured Dmax exceeded 35 Gy in 27 (77%) and 40 Gy in 14 

(40%) patients. A significant difference between median planned and daily parameters 

was found for V35, D2, and Dmax.

Bowel

In median, no increase in daily V35 was observed compared to planned value. A 

median increase from planned values (by 1.0% and 2.7%, respectively) was observed 

for daily D2 and Dmax but not for D2, D5 and D10. Daily measured V35, D2, D5, D10 
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and Dmax exceeded the planned value in 12 (35%), 19 (54%), 15 (43%), 16 (46%) and 

19 (54%) patients, respectively. Average measured Dmax exceeded 35 Gy in 12 (34%) 

and 40 Gy in 7 (20%) patients. However, a significant difference at Wilcoxon test was 

observed only for daily V35. 

Table 2.2. Summary of planned and daily fraction dosimetric parameters for 35 prospective pa-
tients. For each structure, contours were manually adjusted on contrast-enhanced CT acquired 
before every fraction and dose overlay was obtained on image-matching for offline review.

V35 
(in cc)

D2 
(in Gy)

D5 
(in Gy)

D10 
(in Gy)

Dmax 
(in Gy)

Duodenum Median 
planned value 
(IQR)

0.0
(0.0 to 0.2)

30.7
(24.3 to 32.8)

28.1
(19.5 to 31.1)

24.0
(14.2 to 27.1)

36.1
(34.2 to 37.2)

Median 
average daily 
value (IQR)

0.4
(0.1 to1.25)

32.3
(24.7 to 34.0)

28.3
(19.9 to 31.3)

23.1
(15.8 to 28.2)

39.7
(37.0 to 43.0)

Median 
difference 
(IQR)

0.3
(-0.2 to 3.9)

1.8%
(0.0 to 9.4)

1.8%
(-1.4 to 11.9)

2.3%
(-1.4 to 10.0)

11.2%
(3.6 to 16.0)

Stomach Median 
planned value 
(IQR)

0.0
(0.0 to 0.3)

27.6
(21.1 to 32.7)

24.8
(17.5 to 30.8)

20.6
(14.9 to 27.2)

36,6
(32.7 to 37.7)

Median 
average daily 
value (IQR)

0.5
(0.0 to 1.0)

29.2
(24.9 to 33.6)

25.6
(20.9 to 30.2)

21.6
(17.1 to 27.1)

38.9
(35.7 to 40.8)

Median 
difference 
(IQR)

0.2
(-0.1 to 9.6)

2.6%
(-2.4 to 12.7)

1.7%
(-6.0 to 12.4)

0.0%
(-7.0-11.2)

5.9%
(1,1 to 11,6)

Bowel Median 
planned value 
(IQR)

0.0
(0.0 to 0.1)

19.6
(14.0 to 28.7)

18.2
(12.2 to 25.2)

15.6
(10.1 to 22.5)

31.7
(21.2-36.3)

Median 
average daily 
value (IQR)

0.0
(0.0 to 0.2)

20.9
(14.9 to 27.6)

17.4
(13.0 to 23.2)

16.1
(9.9 to 21.0)

32.3
(23.4 to 38.8)

Median 
difference 
(IQR)

0.0
(0.0 to 0.2)

1.0%
(-10.8 to 
10.6)

-1.3%
(-12.0 to 6.8)

-2.7%
(-16.0 to 
28.8)

2.6%
(-8.7 to 21.0)

GIO Median 
planned value 
(IQR)

0.2
(0.0 to 0.9)

33.3
(30.7 to 34.0)

31.8
(26.1-32.8)

29.1
(20.8 to 30.8)

37.2
(36.4 to 40.4)

Median 
average daily 
value (IQR)

1.6
(0.6 to 3.0)

34.6
(31.1 to 36.2)

32.5
(27.2 to 33.6)

29.8
(22.6 to 31.7)

42.2
(41.0 to 44.7)

Median 
difference 
(IQR)

1.0
(0.2 to 2.6)

4.4%
(0.4 to 10.8)

2.3%
(0.2 to 7.5)

3.3%
(-0.4 to 7.1)

12.0%
(5.0 to 18.9)

Abbreviations. GIO: Gastro-intestinal Organ. IQR: Interquartile Range. V35: volume 
receiving 35 Gy, in cc. D2: dose received by 2 cc in Gy. D5: dose received by 5 cc in Gy. D10: 
dose received by 10 cc, in Gy. Dmax, maximum point dose, in Gy.
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Table 2.3. Wilcoxon test for comparison between planned and daily values of D2, D5, D10 
and Dmax for each OAR.

Planned 
value
(IQR)

Daily value
(IQR) 

Patients 
receiving 
> Planned 
dose 

Patients 
receiving 
< Planned 
dose 

Wilcoxon 
test for 
paired 
samples

Duodenum V35 0.0 
(0.0-0.2)

0.4 
(0.1-1-25)

26/35 
(74%)

1/35 
(3%)

p<0.0001

D2 30.7 
(24.3-32.8)

32.3 
(24.7-34.0)

26/35 
(74%)

8/35 
(23%)

p=0.0024

D5 28.1 
(19.5-31.1)

28.3 
(19.9-31.3)

24/35 
(69%)

10/35 
(28%)

p=0.0123

D10 24.0 
(14.2-27.1)

23.1 
(15.8-28.2)

21/35 
(60%)

12/35 
(34%)

p=0.0249

Dmax 36.1 
(34.2-37.2)

39.7 
(37.0-43.0)

29/35 
(83%)

6/35 
(17%)

p=0.0003

Stomach V35 0.0 
(0.0-0.3)

0.5 
(0.0-1.0)

25/35 
(72%)

1/35 
(3%)

p<0.0001

D2 27.6 
(21.1-32.7)

29.2 
(24.9-33.6)

22/35 
(63%)

12/35 
(34%)

p=0.042

D5 24.8 
(17.5-30.8)

25.6 
(20.9-30.2)

19/35 
(54%)

15/35 
(43%)

p=NS

D10 20.6 
(14.9-27.2)

21.6 
(17.1-27.1)

17/35 
(49%)

17/35 
(49%)

p=NS

Dmax 36,6 
(32.7-37-7)

38.9 
(35.7-40.8)

27/35 
(77%)

6/35 
(17%)

p<0.0001

Bowel V35 0.0 
(0.0-0.1)

0.0 
(0.0-0.2)

12/35 
(35%)

1/35 
(3%)

p=0.017

D2 19.6 
(14.0-28.7)

20.9 
(14.9-27.6)

19/35 
(54%)

16/35 
(46%)

p=NS

D5 18.2 (
12.2-25.2)

17.4 
(13.0-23.2)

15/35 
(43%)

18/35 
(51%)

p=NS

D10 15.6 
(10.1-22.5)

16.1 
(9.9-21.0)

16/35 
(46%)

19/35 
(54%)

p=NS

Dmax 31.7 
(21.2-36.3)

32.3 
(23.4-38.8)

19/35 
(54%)

16/35 
(46%)

p=NS

GIO V35 0.2 
(0.0-0.9)

1.6 
(0.6-3.0)

29/35 
(83%)

4/35 
(11%)

p<0.0001

D2 33.3 
(30.7-34.0)

34.6 
(31.1-36.2)

29/35 
(83%)

6/35 
(17%)

p<0.0001

D5 31.8 
(26.1-32.8)

32.5 
(27.2-33.6)

29/35 
(83%)

6/35 
(17%)

p=0.0002

D10 29.1 
(20.8-30.8)

29.8 
(22.6-31.7)

24/35 
(69%)

10/35 
(29%)

p=0.0018

Dmax 37.2 
(36.4-40.4)

42.2 
(41.0-44.7)

30/35 
(86%)

5/35 
(14%)

p<0.0001

Abbreviations. GIO: Gastro-intestinal Organ. IQR: InterQuartile Range. V35: volume 
receiving 35 Gy, in cc. D2: dose received by 2 cc in Gy. D5: dose received by 5 cc in Gy. D10: 
dose received by 10 cc, in Gy. Dmax, maximum point dose, in Gy.
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Table 2.4. Dose conversion of median D2, D5, D10 and Dmax extrapolated from the fraction 
CTs for each OAR in 2 Gy equivalents according to the linear quadratic model for early (α/
β=10) and late (α/β=3) toxicity.

Median daily 
value for 5 

fractions (in Gy)

Median daily 
value EQD2 

(in Gy, for α/β=10)

Median daily value 
EQD2 

(in Gy, for α/β=3)

Duodenum D2 32.3 44.1 60.9
D5 28.3 36.8 48.7
D10 23.1 28.1 35.1
Dmax 39.7 59.2 86.5

Stomach D2 29.2 38.5 51.4
D5 25.6 32.2 41.5
D10 21.6 25.7 31.5
Dmax 38.9 57.7 84.0

Bowel D2 20.9 24.7 30.1
D5 17.4 19.7 22.7
D10 16.1 17.7 19.9
Dmax 32.3 44.4 61.4

GIO D2 34.6 48.7 68.5
D5 32.5 44.7 61.8
D10 29.8 39.5 53.0
Dmax 42.2 64.7 96.2

Abbreviations. GIO: Gastro-intestinal Organ. IQR: InterQuartile Range. V35: volume 
receiving 35 Gy, in cc. D2: dose received by 2 cc in Gy. D5: dose received by 5 cc in Gy. D10: 
dose received by 10 cc, in Gy. Dmax, maximum point dose, in Gy.

Figure 2.1. Left: Dosimetric impact of anatomical variations on the treatment plan. Daily 
CT contours were transferred rigidly with respect to the tumor location onto the pCT scan to 
assess changes in the V35 region (colorwash, red). OAR variations are depicted in different 
colors according to each organ: the stomach (orange), the duodenum (yellow) and the bowel 
(blue). Right: Anatomical changes observed on each daily CT scan for a sample patient. The 
GTV and PTV structure (in white) were transferred rigidly from the pCT to the fraction CT 
scans, as well as the dose distributions of the treatment plan. It is shown the anatomical 
changes observed on the three critical gastrointestinal organs: stomach (orange), duodenum 
(yellow) and bowel (blue), with respect to a common tumor slice. Hence, we can evaluate on 
the daily images dosimetric changes in the V35 region (colorwash, red).

pCT Fx1

Fx2 Fx3

pCT 40 Gy
35 Gy
30 Gy
25 Gy
20 Gy
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Figure 2.2. Box-and-whiskers graph representing comparative evaluation of median 
planned (left) versus median daily (right) V35, D2, D5, D10 and Dmax (from up to down) for 
Duodenum (A), Stomach (B), Bowels (C) and GIO (D). Middle line represents median value; 
central box represent the Inter Quartile Range Error bars represent range of values excluding 
outside (black triangles) and far-out (white triangles) values. 
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was equal or superior to 40 Gy in 28 (80%) patients. Significant difference between 

planned and measured values was observed for all dosimetric parameters.

2.4. Discussion
We report an analysis performed on a prospective cohort of 35 patients undergoing 

SBRT for locally advanced pancreatic cancer. The use of a combined Cyberknife-CT 

treatment unit allowed to obtain high-quality imaging acquired in treatment position 

before radiation delivery. The planned dose distribution was overlaid on the fraction 

CT to study the dosimetric impact of interfraction OARs variation in shape and 

position during the treatment course. Comparative assessment of planned dosimetric 

parameters with the corresponding values as recalculated on daily anatomy suggested 

a consistent trend toward increment in the delivered dose to critical structures 

compared to the original SBRT plan. In particular, median daily Dmax for the 

whole GIO in our population was 42.2 Gy (versus 37.2 Gy according to planned 

anatomy), corresponding to an equivalent dose in 2-Gy fractions of 96.2 Gy for an 

α/β=3. Interestingly, despite a large interpatient and intrapatient variability, OARs 

interfraction shifts mainly translates in overirradiation of healthy tissues rather than 

dose reduction. This effect was predominantly seen in critical structures adjacent to 

the tumor such as duodenum and stomach and was particularly prominent for dose 

received by smaller volumes (Dmax) or for the amount of tissue receiving the higher 

dose level related to dose limiting toxicity (V35). Conversely, dose variation was less 

pronounced in distant organs such as small bowel, and only a minor increase or no 

increase was observed in parameters related to dose received by larger volumes such 

as 5 or 10 cc. These observations have important implications.

First, increase in daily dose to the OARs reach clinically meaningful values 

mostly in structures in close proximity to the target and/or that are entangled in a 

fixed anatomic relationship with the pancreas (stomach, duodenum), while more 

distant structures allowed to larger variation in shape and size (bowels) are affected 

to a minor extent. Stomach and duodenum experience limited degree of motion and 

deformation due to anatomical bounds with the abdominal cavity and the pancreas 

itself; by contrast the relative freedom of jejunum and ileum allow for shape variation 

and complex motion. Consequently, the risk of unintended overirradiation may be 

higher for stomach and duodenum due to limited range of motion in regard to the 

region receiving the prescription dose. On the other hand, it is likely that irradiation 

above the planned dose occurs at different segments of the small bowel at each 

fraction, thus reducing the risk of delivering a higher dose to a single segment.
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Secondly, the dosimetric impact of interfraction variability is predominant on 

small volumes of tissues. Indeed, the steep dose fall-off of SBRT results in a reasonably 

low dose to large volumes of critical structures, thus interfractional variations are 

expected to be modest at this scale, while higher unplanned dose delivery to small 

“hot-spots” may correlate with higher risk of toxicity. It was recognized since pilot 

trials that administration of high doses per fraction to gastro-intestinal structures 

could potentially lead to severe complications. Schellenberg et al reported excellent 

local control rate of 81% for single-fraction SBRT up to 25 Gy, at the expenses of 

an incidence of grade 2-4 toxicity of 47% [59]. Adjacent organs proved eminently 

sensitive to severe radiation-related adverse events, consisting of 5 gastric ulcers, 1 

duodenal stenosis and 1 duodenal perforation [59]. Following experience with this 

single fraction regimen, a dose response model based on Lyman NTCP model for 

duodenum toxicity was proposed, though a risk of overestimation of radiation effects 

for larger fraction sizes was suggested [60]. 

The dose-limiting character of proximal critical structures led to the use of 

fractionated radiation regimens and to a more cautionary tolerance-based approach. 

In the study by Mahadevan et al, a three-fraction schedule was prescribed using 

fiducial-based respiratory motion tracking on a robotic radiosurgery system. Dose 

escalation up to 32 Gy was allowed according to tumor location in relation to the 

stomach and duodenum, resulting in limited grade 3 toxicities and no grade 4 events 

[61]. Multiple reports from various institutions corroborated the feasibility and 

efficacy of this approach: in a meta-analysis from 19 trials, Petrelli et al. reported an 

overall occurrence of severe adverse events inferior to 10%, while promising 1-year 

local control was correlated to total dose and number of fractions [13]. It can be argued 

that optimal disease control after SBRT can be obtained only if the delivery of the 

highest dose to the tumor is achieved. Therefore, all strategies that enable to reduce 

uncertainty in dose exposure to the OARs may prove beneficial to improve tumor 

coverage, and vice versa. It is noteworthy that effective tumor tracking may to some 

extent prove beneficial in reducing toxicity. In a recent paper by Goldsmith et al., use 

of multiple fiducials for pancreas SBRT had one-fifth the incidence of grade 3 toxicity 

as compared to a single fiducial or spine tracking, provided that duodenal D1cc was 

inferior to 30 Gy in 3 fractions [62]. Hence, management of tumor motion might 

be sufficient to reduce dose to healthy tissue as a result of accurate dose delivery. 

This strategy implies the assumption the mutual relation between fiducials and OARs 

do not significantly change between planning CT and treatment course. However, 

this mutual relation can be significantly altered over time due to OAR motion and 
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deformation. For this reason, analysis of delivered (rather than planned) dose to 

OARs is an important research topic. Multiple in-room imaging systems have been 

tested for this purpose, but currently available modalities show several limitations. 

For example, despite widespread use in modern treatment platforms for patient setup, 

Cone-Beam KvCT (CB-CT) provide insufficient reliability for contour delineation 

[63] and requires correction of the Hounsfield Unit for dose recalculation in case of 

replanning. Recent technical advances allowed for the development of MRI-guided 

linear accelerators, whose first clinical applications have been recently reported in 

abdominal stereotactic treatments [64]. This solution provides unquestionable 

advantages in terms of improved image quality, real-time tracking of both tumor 

and OARs and lower radiation exposure compared to CT-based modalities; on the 

other hand, integration of CT is an active area of research that allow to combine 

the versatility of a robotic-arm treatment unit with interfraction diagnostic-quality 

imaging. Integration of diagnostic-quality CT in a robotic linear accelerator might be 

a valuable and cost-effective solution for the determination of actual delivered dose 

to the OARs, enabling the use of strategies to mitigate the risk of additional toxicity 

such as pretreatment evaluation prior to treatment delivery, selection of a plan of a 

day from a library, or daily replanning.

There are some limitations in our study. In first instance, dose overlay can be 

influenced by number of variables, in particular patient motion during couch shift 

and uncertainty in reproducibility of image coregistration and contour delineation. 

Inconsistencies can be mitigated through rigorous control of patient setup with use 

of appropriate immobilization frames (i.e., vacuum matrass), placement of fiducial 

markers for correction of image matching and use of validated consensus guidelines for 

OAR outlining that allow inter-operator agreement. Secondarily, study of intrafraction 

motion (in particular respiratory motion) was not integrated in our dose distribution 

study, though use of real-time tumor tracking with the Synchrony system and, in 

future, implementation of our model with the use of daily 4D CT might compensate 

for additional variations in dose estimate to the OARs. Additional uncertainty in data 

interpretation derives from exact determination of tissue volumes receiving higher 

than planned dose on consecutive treatment fraction and its implication with tissue 

damage. It is accepted that volumes receiving higher planned doses are more likely 

to be injured: in a recent paper by Verma et al, a correspondence was found between 

volume receiving 20 to 35 Gy and histo-patologic tissue damage in duodenum on 

surgical specimen of duodenocephalopancreatectomy for pancreas cancer following 

neoadjuvant SBRT [65]. However, in multiple fractions SBRT, it is debatable whether 
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radiation induced-tissue damage may result from repeated irradiation of a same 

segment all over the radiotherapy course or from a single constraint violation due to 

unintended dose delivery as a consequence of interfraction organ motion. Moreover, 

as discussed by Goldsmith et al [62], current data do not allow to determine if 

complications are attributable to the Dmax doses alone, or if volume and other factors 

may have a role. Finally, despite measurable variations in dose distributions, the 

impact of interfraction OAR motion assessed with daily in-room CT needs further 

clinical validation: an ongoing secondary analysis on our prospective cohort will 

correlate onset of acute toxicity with daily shifts in dose distribution to the OAR.

In conclusion, anatomical interfraction variations led to increase in measured 

dose to the OARs compared to planned dose in patients receiving SBRT for pancreatic 

cancer. This consisted of a significant median increase in all the dosimetric parameters 

for stomach and duodenum while only small volumes of bowel experienced higher-

than-planned dose delivery. Daily imaging using integrated CT may allow to implement 

future strategies to reduce the risk of OARs overirradiation during pancreatic SBRT.
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Figure A.2.1. DVH for comparative evaluation of median planned (solid line) versus median 
daily (dashed line) for Duodenum, Stomach, GIO and Bowels (from top, clockwise). 
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Purpose: To characterize daily geometrical variations of gastrointestinal organs 

with respect to pancreatic tumors, through a population-based statistical model.

Materials and Methods: The study included 131 CT scans from 35 pancreatic 

cancer patients treated with Stereotactic Body Radiotherapy (SBRT). For each patient, 

day-to-day anatomical variations of the stomach, the duodenum and the bowel were 

assessed from the deformation vector fields (DVF) obtained by non-rigidly registering 

the contours of the fractions to the planning CT scans. For the whole population, 

day-to-day motion-deformation patterns were abstracted using principal component 

analysis (PCA) on the set of DVFs mapped on a reference patient. Based on these 

geometrical variations, anatomies were generated to create population-based dose-

volume histograms (DVH) per patient, which were also compared to clinical values.

Results: Through PCA, the most dominant directions of daily deformations were 

localized in the abdominal organs. Common patterns were found, such as stomach 

contraction-expansion in the anterior-posterior direction ranging from 5 to 13 mm, 

and superior-inferior deformations on the bowel from 7 to 14 mm. The duodenum 

resulted to move laterally, but in a lesser extent (4-8 mm). The population-based 

DVHs derived from the model mostly included the daily DVHs observed in the clinic 

(in > 90% of the cases).

Conclusions: Anatomical variations influence the delivered doses to healthy organs 

during SBRT. A motion model was successfully built and explored to extract the 

larger directions of movement of the gastrointestinal organs. Day-to-day motion 

modeling can potentially be used to account for geometrical uncertainties in future 

plan optimization and in online adaptive strategies.
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3.1. Introduction
Stereotactic Body Radiotherapy (SBRT) delivers high radiation doses in a few 

number of fractions, making use of smaller target margins and sharp dose gradients. 

However, these treatment plans are traditionally based on a static snapshot of the 

patient anatomy, i.e., the planning CT (pCT), which in highly dynamic regions in the 

body, such as the pelvic or abdominal areas, leads to recurrent anatomical variations 

during the treatment course. For these anatomical sites, organ motion management 

is clearly demanded; and consequently, the challenge is to overcome these anatomical 

variations while maintaining target coverage and maximally sparing the surrounding 

healthy organs, the organs-at-risk (OAR). 

SBRT combined with chemotherapy has emerged as a viable option for treating 

unresectable locally advanced pancreatic carcinomas (LAPC) [13,30,66–68]. For 

these patients, the proximity of the pancreas to radiosensitive gastrointestinal organs 

(GIO), such as the stomach, the duodenum and the bowel, limits the delivery of 

effective ablative radiation doses to the tumor, mainly due to the tight dose-volume 

constraints clinically imposed to adhere to the OAR tolerances. 

At our institution, LAPC patients responding to chemotherapy receive a 

hypofractionated radiotherapy course of 5 x 8 Gy on the CyberKnife® System 

using Synchrony respiratory motion tracking (Accuray Inc., Sunnyvale, CA, USA). 

Synchrony tracks the tumor in real-time via implanted fiducial markers, continually 

aligning the treatment beam by adjusting the position of the robot, which helps to 

ensure target coverage and OAR sparing [37,69]. However, OAR regions inevitably 

encounter higher doses due to day-to-day anatomic variations [56]. Until recently, 

these soft tissue differences could not be captured given the limitations of treatment 

room imaging capabilities. However, our CyberKnife is integrated with an in-room 

CT-on-rails system, offering the possibility to assess moving-tissue impact nearly in 

situ [36]. 

Attempts to characterize OAR variations throughout the radiation course has been 

a topic of further interest. Deformable organ motion modeling was initially explored 

by Söhn et al., who suggested the use of principal component analysis (PCA) to 

generate a patient-specific statistical motion-deformation model of multiple organs 

[70]. This approach was extended by Budiarto et al., who adapted the method to 

allow population-based modeling, and hence, overcome the limitation of a restricted 

number of CT scans per subject. PCA can detect if common variation patterns are 

observed in a patient population even if individual organ shapes and sizes vary [71]. 
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This method has been successfully used to understand tumor and organ motion-

deformation [49,72–74], to evaluate margins [75,76], to simulate dosimetric 

treatment courses [75,77–80], to characterize respiratory-induced motion [81–83], 

and considered in real-time adaptive replanning for MR-guided RT [84,85]. Pelvic 

organs have been the main target of the abovementioned studies, with few exceptions 

for head and neck [78], thorax and lung [74,81,82]. However, day-to-day residual 

motion of the abdominal organs with respect to the tumor position, as needed for 

improving treatments with SBRT or MR-guided RT, still remains underexplored.

The present study aims to characterize organ-at-risk daily anatomical variations 

and its impact in a cohort of LAPC patients. Through PCA, a statistical motion-

deformation model will be derived to characterize OAR changes with respect to 

pancreatic tumors. Dosimetric uncertainties will be assessed by accounting for the 

dominant geometrical variations retrieved from the model. 

3.2. Materials and Methods

Patient data

Thirty-five patients with inoperable LAPC were included in this study. The data was 

collected retrospectively through the LAPC-1 Phase-II study (ID: NL49643.078.14), 

between April 2015 and November 2017. All patients underwent a combined 

chemoradiation treatment consisting of chemotherapy (FOLFIRINOX) followed by a 

hypofractionated SBRT regime of 40 Gy in 5 fractions, prescribed to the 80% isodose 

line, delivered on the CyberKnife M6 system and tracked with Synchrony (Accuray 

Inc., Sunnyvale, CA, USA). Dose-volume constraints were set at V35Gy < 1 ml to the 

three critical organs, which include the stomach, the duodenum and the bowel. To 

ease target localization, 1 to 4 gold fiducial markers (median of 3) were implanted 

in a pre-treatment stage inside and/or around the pancreatic tumor. Patients were 

recommended to avoid solid and liquid intakes since 2 h prior to treatment. 

CT images and delineations

Three to four contrast-enhanced CT scans were available per patient: one pre-

treatment scan (pCT), and two or three pre-fraction in-room CT scans (FxsCT) 

performed under instructed end-expiration [36], using the SOMATOM Definition 

AS CT scanner (Siemens Healthcare, Forchheim, Germany). CT voxel size was 

0.98 x 0.98 x 1.5 mm3. Eight scans were excluded for not containing the entire OAR. 

Overall, 130 scans were eligible for inclusion.
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Delineations on the pCT were manually performed by a radiation oncologist 

following the RTOG guidelines of the upper abdominal region [58], including the 

Gross Tumor Volume (GTV) delineation. The set of OAR comprised the stomach, the 

duodenum and the bowel. The bowel was contoured inferiorly until L4 as a single 

structure, including the individual loops of the small bowel (jejunum and ileum) and 

the colon. 

By mimicking the clinical procedure, the GTV was transferred rigidly to each 

FxsCT by firstly performing a spine match (consisting of a rotation and translation 

transformations) followed by a fiducial match correction (only translation) [36], by 

using an in-house developed software. All GTVs transferred to the FxsCT scans were 

checked by a radiation oncologist by looking at anatomical landmarks such as arteries, 

veins or other structures. The remaining OAR delineations in the FxsCT were aided 

by CT-to-CT deformable registration and propagation using commercial software 

(MIM Software Inc, Cleveland, OH, USA) and edited by the radiation oncologist.

Combining deformable contour registrations

The rigid transformations used for GTV propagation were used to place the FxsCT 

scans in the pCT coordinate system, i.e. centered at the fiducials center-of-mass. 

Next, each FxsCT organ triangulated 3D surface mesh was registered non-rigidly 

to the corresponding pCT organ mesh by using the Thin-Plate Spline Robust-Point 

Matching (TPS-RPM) algorithm [86], available in our in-house developed software. 

From each registration, we obtained a deformation vector field (DVF) that provided 

spatial correspondences between the FxsCT and the pCT organ meshes (Figure 3.1-A).

Average meshes of the three organs were created by computing the mean DVF 

in each subject. Subsequently, a second non-rigid registration between the pCT and 

the FxsCT meshes to the average organs provided all position and shape variations 

observed in each single patient (Figure 3.1-B). Quantitative metrics were abstracted 

per subject: mean surface-to-surface distances (i.e. average length of the DVFs 

obtained from the non-rigid registrations per patient), volumetric differences, center-

of-mass displacements and Dice coefficients (DC). For a dosimetric impact evaluation, 

differences in V35Gy (OAR dose-constraint) were acquired on the DVHs computed 

by taking the original contours and deforming the dose according to the estimated 

registration between the contours.

A patient with a representative anatomy was selected as reference patient to collect 

all individuals’ variations in a common frame-of-reference (cFOR). Each subject 

average organs meshes were registered non-rigidly to the average organs meshes 
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of the reference patient (Figure 3.1-C), whose organ surfaces were discretized with 

uniformly distributed points at 1.5 mm resolution.

For all the registrations, the parameters of the TPS-RPM were optimized and 

subsequently evaluated individually for each organ. The transformation accuracy 

of the registrations were assessed by means of the transformation error (i.e. mean 

distance between both registered surfaces), and the inverse consistency (i.e. mean 

difference between a forth and back registration between both surfaces) [86,87]. A 

quality check and visual inspection of the registrations output was also performed. 

For all the registrations, we achieved an average accuracy and inverse consistency 

below 1 mm.

Day-to-day OAR motion-deformation model

A population-based motion characterization was performed through a principal 

component analysis (PCA) on the propagated organs of all the patients to the cFOR 

(Figure 3.1-D). Thus, we tested if abdominal organs move under common patterns, 

i.e. if OAR change in a correlated way among and within the patients. PCA transforms 

the original data into a new space of at most N-1 dimensions or modes of variation 

(being N the total number of observations over all patients, i.e. total number of DVFs). 

Figure 3.1. Workflow used for mapping the intra- and inter-patient anatomical variations 
onto the reference patient. Firstly, (A) daily anatomical variations were registered onto the 
pCT OAR meshes, and the average OAR was obtained for each patient. Next, (B) pCT and 
daily anatomies were registered onto the average organs. In C, the inter-patient registration 
among the average organs onto the reference patient allowed the further propagation of all 
the registrations on the reference patient (D).
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Modes are defined by orthogonal eigenvectors (v) that outline the most dominant 

directions of daily variations. Each mode is associated to an eigenvalue (λ) that 

determines its ability to explain the variance in the data. The contribution of each 

mode in explaining the motion was expressed as the percentage of the sum of the first 

L eigenvalues from the sum of all eigenvalues [70,71]. 

A combined gastrointestinal daily motion-deformation statistical model was 

created from the output of PCA. New deformation vectors fields, leading to new GIO 

anatomies (GIOnew), were created by deforming the mean GI organ (obtained from 

the average of propagated organs to the cFOR over all patients) by the weighted (b) 

sum of the first L eigenvectors (Eq. (1)). We compared the performance of two models: 

including and excluding the bowel.

Colormaps were generated to visualize which GIO regions showed the largest 

motion due to a specific or a set of modes. For this purpose, M (M ~5000) points with 

a Gaussian distribution contained within ± 3 standard deviations (SD) were sampled 

on the first L modes, i.e. random values were given to coefficients b to modulate each 

eigenvector vl. A Mersenne Twister Gaussian pseudorandom number generator was 

used to create the points. Colormaps were built by ranging each mean per-point vector 

length acquired from the distances between the created organs and the GIOmean shape 

mesh.

To evaluate whether the population data was representative enough to model GIO 

daily variations, we applied a leave-one-out-cross-validation approach (LOOCV). 

Each database subject was pulled out the training dataset and used as testing patient. 

Hence, for each case, PCA was calculated on the remaining 34 individuals. The GIO 

of the left-out-patient (GIOt) was projected onto the space spanned by the first L 

eigenvectors to obtain the coefficients (bt). With the obtained coefficients, GIOt was 

reconstructed back using Eq. (1). The PCA model error was computed as the average 

per-point error vector length acquired from the difference between the original and 

the reconstructed GIOt [71,74]. The total model error was averaged from the results 

on each test patients.

Using the model to create population-based DVHs

As a direct application, the model was used to assess day-to-day OAR motion impact on 

delivered treatment plans, by also implementing the LOOCV approach. We simulated 

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛 + �
𝑙𝑙𝑙𝑙=1

𝐿𝐿𝐿𝐿

𝑏𝑏𝑏𝑏𝑙𝑙𝑙𝑙𝑣𝑣𝑣𝑣𝑙𝑙𝑙𝑙 (1)
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P (P ~5000) random organs with a Gaussian distribution on the first L eigenmodes 

(within ± 3 SD), which were propagated back on the average organ of each patient. To 

ensure the reconstruction of anatomically plausible situations, simulated anatomies 

overlapping with the GTV were discarded from each simulation. The original dose 

volume was resampled on the simulated organs to obtain the corresponding DVHs. 

By selecting the 95% confidence interval range at each bin of the simulated DVHs, we 

created a population-based DVH for each patient. Retrospectively, we evaluated the 

DVH widening due to moving-tissues.

3.3. Results

Day-to-day OAR motion-deformation within each patient

Volumes of the three critical OAR on the pCT scans were on average (± SD, min-max 

range): 300 ± 100 ml (100 - 800 ml) for the stomach; 90 ± 40 ml (40 - 170 ml) for the 

duodenum; and 1600 ± 900 ml (200 - 4700 ml) for the bowel. Volumetric differences 

between these OAR contoured on the pCT compared to the FxsCTs were on average 

100 ± 100 ml, 20 ± 10 ml, and 200 ± 200 ml, respectively (Figure 3.2).

Accounting for the study population, non-rigid registrations from the FxsCT to 

the pCT organ meshes resulted in average mean mesh (per-point) displacements of 

10 ± 4 mm (stomach), 6 ± 3 mm (duodenum) and 10 ± 3 mm (bowel) among all 

FxCT scans. Dice coefficients of mesh overlaps resulted in: 0.80 ± 0.05 (stomach), 

0.80 ± 0.08 (duodenum) and 0.80 ± 0.09 (bowel); and center-of-mass displacements 

in: 11 ± 4 mm (stomach), 8 ± 4 mm (duodenum) and 12 ± 5 mm (bowel). 

Propagating the dose from the pCT to the FxsCTs showed an increase of dose-

constraint violations (V35Gy > 1 cc) in the FxsCTs with respect to the pCT. In total, 

22%, 28% and 11% of all FxsCTs scans showed dose-constraint violations for the 

Figure 3.2. Histograms of the volumetric differences observed in the stomach, the duodenum 
and the bowel, acquired by subtracting the FxsCT from the pCT organs.
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Figure 3.3. Depiction of inter-fractional variations of the stomach, duodenum and the bowel 
after transferring the OAR contours of the FxsCT rigidly onto the pCT scan, on the axial (left) 
and the coronal (right) views. In red, the V35Gy isodose line amount overlap with the OAR 
changes on different days.

Figure 3.4. (Top) Proportion of variance explained by means of the cumulative sum of the 
eigenvalues associated to each principal component. (Bottom) Mean length of per point error 
vectors subjected to the number of eigenmodes used during the LOOCV.
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Figure 3.5. Depiction of the geometric variations described by the first three modes on 
the critical organs of the reference patient (in red: tumor; in orange: stomach; in yellow: 
duodenum; in blue: bowel). The central column shows the direction of motion described 
individually by each mode on the average population organ (GIOmean). Left and right columns 
depict the resulting anatomies after deforming the GIOmean organ ± 3σi along the respective 
modes.

stomach, the duodenum and the bowel, respectively; whereas in the pCT it was 

observed to occur in 6%, 11% and 0% of the cases correspondingly. An example of 

the daily OAR variation effect with respect to the V35Gy dose-constraint is shown in 

Figure 3.3. 

Day-to-day OAR motion-deformation model
Deformations with the largest amplitudes were described by the first eigenmodes. We 

x
y

z

x
y

z

x
y

z

xy

z

xy

z

xy

z

x

y

z x

y

zx

y

z

𝐺𝐺𝐺𝐺𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝐺𝐺𝐺𝐺𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝐺𝐺𝐺𝐺𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝐺𝐺𝐺𝐺𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 3σ1𝑣𝑣1

𝐺𝐺𝐺𝐺𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 3σ2𝑣𝑣2

𝐺𝐺𝐺𝐺𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 3σ3𝑣𝑣3

𝐺𝐺𝐺𝐺𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 3σ1𝑣𝑣1

𝐺𝐺𝐺𝐺𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 3σ2𝑣𝑣2

𝐺𝐺𝐺𝐺𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 3σ3𝑣𝑣3

M
od

e 
1

M
od

e 
2

M
od

e 
3



Modeling daily changes of organ-at-risk 

3

43

compared both models including and excluding the bowel. Whereas 19 and 43 modes 

(out of 129) were required to encapsulate respectively 75% and 90% of the full range 

of daily motion accounting for the three critical organs, only 7 and 17 modes were 

needed to explain the most dominant motion-deformation of the stomach and the 

duodenum (Figure 3.4 - top). 

When including the bowel in the model, the first three eigenmodes covered 17%, 

8% and 7% of the daily variations of the three critical organs. Mode 1 principally 

describes larger superior-inferior deformations in the upper-lateral regions of the 

bowel, and an expansion-contraction of the ventral region of the stomach. Mode 2 

locates the greatest changes in the top surface of the bowel and in the inferior region 

of the stomach, which are mainly expanding-contracting in the superior-inferior 

direction. The duodenum does not significantly vary until mode 3, whose largest 

changes are in the superior-anterior direction. In further modes, the duodenum 

mainly varies laterally, but always with lower amplitude (see Figure 3.5). Conversely, 

when excluding the bowel, the first three modes accounted for 24%, 16% and 11% 

of the variance. In this case, modes 1 and 2 mainly describe displacements towards 

the anterior-left direction, and the expansion-contraction of the ventral part of the 

stomach. To a lesser extent, the duodenum displaces laterally in mode 2. 

Figure 3.6. Anterior and posterior views of the colormaps denoting the motion contained 
within the first two individual modes of variation against the range of modes contributing to 
explain the 90%, 100% and residual 25% and 10% of the variance contemplated among our 
observations. (Top) Model accounting for the three critical organs; (bottom) model accounting 
only for the stomach and the duodenum.
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Combining the information above, colormaps quantify the scale of day-to-day 

motion vectors at each location of the anatomy (Figure 3.6). Individual modes 

deform in particular correlated directions, and therefore, collect motion in specific 

hotspots. Considering a range of modes, we observe a combined distribution of the 

daily changes in the anatomy. In the stomach, motion vectors ranged from 5 - 13 mm; 

in the duodenum, from 4 to 8 mm; and in the bowel, from 7 to 14 mm. Motion was 

larger in the anterior surfaces, being limited in the inner abdominal cavity closer 

to the tumor. Modes representing 90% of the variance were comparable to the full 

motion spectrum. Deformations encapsulated by the residual modes, representing 

the remaining 10%-variance (43 - 130th modes for all organs, 17 - 130th modes for 

stomach and duodenum) are small, suggesting they describe variations observed only 

in few observations within our dataset. Conversely, the residual 25%-variance modes 

still encapsulate significant deformations as its corresponding colormap depicts mean 

per-point deformations around 5 mm in each organ.

Model accuracy assessment was performed through the leave-one-out approach. 

Figure 3.4 (bottom) describes the average PCA model error obtained from projecting 

the left-out-patients onto the space spanned by the first L eigenvectors. As the number 

of modes L increases, the mean PCA error decreases.

Using the model to create population-based DVHs

Forty-three modes were used to generate population-based DVHs for the three GI 

organs of each patient. Figure 3.7 shows how the tumor position can mitigate or worsen 

OAR daily motion impact on the simulated DVHs. More than 90% of the clinical 

DVHs of the whole cohort were contained within the 95% confidence interval of the 

population-based DVHs, suggesting the model is able to reproduce real anatomies.

3.4. Discussion

The observed day-to-day OAR variations in our cohort lead to increased OAR dose-

constraint violations, when daily organ variations are not considered during SBRT. 

For this reason, the development of a model that encompasses possible OAR shape and 

position shifts is of primary interest to improve safety and efficacy during treatment. 

This is the first study to model daily gastrointestinal organs deformations with respect 

to the pancreatic tumor position. Large geometrical variations (4 - 14 mm) have been 

localized by the first modes of our OAR population-based statistical model, being 

predominant in the anterior-posterior direction. 
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Figure 3.7. Depiction of the population-based DVHs simulated for two example patients, 
obtained by generating OAR motions using the PCA model (including the three OAR: stomach 
(red), duodenum (orange) and bowel (blue)). In light colors we observe the 95% confidence 
interval (2.5%-97.5% percentile range) of the simulated DVHs, and in solid lines, the real 
DVHs observed in the clinic for these specific patients. 

The limited number of fractions available per patient did not allow us to model 

independently the distribution of systematic and random variations. Hence, we 

restricted ourselves to construct one model that learnt from both types of variations 

observed in the population. For treatment evaluation purposes, we can use the 

model to sample the systematic and random component of the anatomies in order to 

correctly take preparation and execution uncertainties into account. 

To our knowledge, only Liu et al. [56] previously attempted to quantify day-to-

day anatomical variations on the duodenum and the stomach with respect to the 

pancreas. Their findings abstracted average center-of-mass displacements of 6 and 

10 mm respectively, and Dice coefficients of 0.7 (for both organs). Accounting for 

delineation errors (of < 2 mm) in both studies, their results agree well with our intra-

patient analysis, where average center-of-mass displacements of 8 mm (duodenum) 

and 11 mm (stomach), and DC of 0.8 were observed. 

In our case, geometrical variations were quantified based on the estimated TPS-

RPM transformations. This method is based on the registration of points on the 3D 

surface meshes, and inner points can be estimated from the interpolation of the 

obtained transformation. Nonetheless, we do not expect this significantly impacts our 

results, since our OAR are hollow and we were mainly interested in the position of the 

organ walls.

Clearly, these geometrical variations have dosimetric consequences: the increase 

of dose-constraint violations (V35Gy > 1 ml) in our cohort suggests that daily organ 

95% confidence 
interval of the 
simulated DVHs

Clinical DVHs

Duodenum
Stomach
Bowel
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deformations are likely to result in parts of organs entering the V35Gy region, due to 

their proximity to the tumor and the strongly sculpted doses in the pCT. 

Learning to simulate realistic geometries through our model can aid to interpret 

these dosimetric uncertainties [77]. For this purpose, the model was firstly used to 

separate the modes describing correlated daily motion from uncorrelated movement 

and noise. Subsequently, we judged its quality based on the number of modes used. 

Other authors [70,71,77,82] tried to find a balance between the ability of the modes 

in explaining the variability of the samples and their capacity to accurately predict 

unknown anatomies. In our case, both criteria were highly influenced by the inclusion 

of the bowel into the model. Bowels are large, complex and highly variable structures 

among our patients; and despite trying to keep delineation consistency, bowels could 

significantly differ in terms of the information they represent in each subject. For 

this reason, we assessed the performance of the model including and excluding this 

organ. When including it, this organ variability could explain why the accuracy error 

obtained during the prediction of unknown anatomies through the LOOCV increases 

a factor of 2, suggesting that some small patient-specific deformations might not 

be captured. On the contrary, if excluding it, less variability of the data needs to be 

analyzed, and hence, fewer modes are required to achieve better modeling accuracy. 

In comparison, only 17 modes instead of 43 would already represent 90% of the 

variance in the second case. Thus, the bowel can be modeled, but at the expense of 

increasing the model complexity. 

Compared with other models in the literature, gastrointestinal organs variations 

seem to be more difficult to capture by the first modes, suggesting that their 

deformations are less generic than in other treatment sides. Whereas our first mode 

covered 17 or 24% of the variations (when including and excluding the bowel); in 

a bladder-prostate model, the first mode could already capture up to 40 - 60% of 

variability [49, 77] (corresponding to bladder filling); and in a prostate-seminal 

vesicles model [71] or a rectum model [76], the first mode could cover 35% and 30%, 

respectively.

Through the colormaps we assessed the impact of selecting ranges of modes. 

Capturing 90% of the variance appears to be representative enough to locate realistic 

average daily variations on the abdominal anatomy (10 mm on the stomach and 

bowel, and 6 mm on the duodenum), as exactly observed in our intra-patient analysis. 

Hence, modes representing 90% of the variance already encapsulate the strongest 

common patterns observed in the data. The remaining 10%-variance mode range 
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does not represent large deformations on the organs in any case. Therefore, we can 

decide to not consider them in our simulations. 

Because of the abovementioned observations, to test daily motion impact on 

clinical plans for the three critical organs, we finally used 43 modes to perform patient-

specific population-based DVHs. Through the LOOCV, we evaluated if we could 

generate alternative anatomies resembling real organs for an “unknown” patient. By 

sampling daily OAR motion from the statistical model, clinical DVHs fell within the 

simulated DVH ranges in most of the cases (> 90%). 

In summary, we have shown that relative day-to-day motion of the gastrointestinal 

organs with respect to pancreatic tumors can significantly influence the delivered 

doses to the organs-at-risk. PCA has been used to find variation patterns in our 

cohort, and to generate meaningful anatomies reproducing clinically delivered doses. 

OAR motion simulations can be further explored to correlate the dosimetric impact 

of OAR motion to reported toxicities, to investigate meaningful anatomies for a Plan-

of-the-Day strategy, or to be used in automatic plan optimization.



4



A MODEL-BASED PATIENT
SELECTION TOOL TO 

IDENTIFY WHO MAY BE AT 
RISK OF EXCEEDING DOSE 

TOLERANCES DURING 
PANCREATIC SBRT

Alba Magallon-Baroa, Patrick V. Grantona, 

Maaike T.W. Mildera, Mauro Loia, Andras G. Zolnaya, 

Joost J. Nuyttensa, Mischa S. Hoogemana

a Erasmus MC Cancer Institute, University Medical Center Rotterdam, 
Department of Radiotherapy

Radiotherapy and Oncology, Volume 141, p.116-122, December 2019

DOI: 10.1016/j.radonc.2019.09.016

https://www.thegreenjournal.com/article/S0167-8140(19)33105-6/fulltext


 

4

50

Abstract

4

50

Purpose: Locally advanced pancreatic cancer (LAPC) patients are prone to 

experience daily anatomical variations, which can lead to additional doses in organs-

at-risk (OAR) during SBRT. A patient selection tool was developed to identify who 

may be at risk of exceeding dose tolerances, by quantifying the dosimetric impact of 

daily variations using an OAR motion model. 

Materials and Methods: The study included 133 CT scans from 35 LAPC patients. 

By following a leave-one-out approach, an OAR motion model trained with the 

remaining 34 subjects variations was used to simulate organ deformations on the left-

out patient planning CT anatomy. Dose-volume histograms obtained from planned 

doses sampled on simulated organs resulted in the probability of exceeding OAR 

dose-constraints due to anatomical variations. Simulated probabilities were clustered 

with a threshold per organ according to clinical observations. If the prediction of at 

least one OAR was above the established thresholds, the patient was classified as 

being at risk. 

Results: Clinically, in 20/35 patients at least one OAR exceeded dose-constraints 

in the daily CTs. The model-based prediction had an accuracy of 89%, 71%, 91% in 

estimating the risk of exceeding dose tolerances for the duodenum, stomach and 

bowel, respectively. By combining the three predictions, our approach resulted in a 

correct patient classification for 29/35 patients (83%) when compared with clinical 

observations.

Conclusions: Our model-based patient selection tool is able to predict who might 

be at risk of exceeding dose-constraints during SBRT. It is a promising tool to tailor 

LAPC treatments, e.g. by employing online adaptive SBRT; and hence, to minimize 

toxicity of patients being at risk.
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4.1. Introduction
For some cancers, variations from standard clinical protocol can be applied in a 

patient-specific base to compensate for undesirable high doses to the surrounding 

organs-at-risk (OAR) during the radiotherapy treatment course. Anatomical regions 

prone to changes, such as the upper and lower abdomen, can potentially benefit 

from more personalized treatments. Several decisions can be taken to ensure a safer 

dose delivery to OAR according to patient-specific needs: tumor coverage can be 

compromised, treatment fractionation can be increased by reducing daily delivered 

doses, planning organs-at-risk volumes (PRV) can be defined to protect surrounding 

healthy tissues, or alternatively, daily plan adaptation in the form of library-of-plans 

or replanning, can be considered. Plan adaptation results into the culmination for 

overcoming day-to-day anatomical variations, since to a large extend, delivered doses 

can be adjusted to the patient anatomy of the treatment day. For instance, libraries-

of-plans have been used to exploit predictable organ motion, such as bladder-induced 

or gas filling in the bowel [42,88–93]. For more complicated targets, such as locally 

advanced pancreatic cancer (LAPC), replanning has been implemented clinically 

[64,94–97] but hitherto has been limited to MR-Linac systems, which are not widely 

available.

In particular, LAPC patients have a poor prognosis, and in radiotherapy, it remains 

a contentious treatment site due to the proximity of the target volume to healthy 

tissues, whose sparing commonly compromises the delivered doses to the tumor. 

Chemotherapy followed by a stereotactic body radiotherapy (SBRT) has emerged 

as a promising option for unresectable LAPC [13,30,66,98,99]. At our institution, 

LAPC patients undergo a hypofractionated regime on the CyberKnife® system using 

Synchrony respiratory motion tracking (Accuray Inc, Sunnyvale, CA, USA) via fiducial 

markers [38,100]. SBRT delivers conformal doses with sharp gradients, resulting in 

improved local control [13,30] and reduced toxicities to healthy tissues. SBRT short 

treatment course can also reduce the delay of additional chemotherapy or surgery 

[15,101]. Despite the precise delivery of these treatments, the risk of gastrointestinal 

toxicities due to daily anatomical variations still remains a major concern, and for 

this reason, the implementation of strategies as online replanning have been proved 

to be a solution for better OAR sparing and to increase target coverage when possible 

[94,95,101].

Personalized treatments, though, can be cost and resource intensive, besides 

requiring additional equipment and experts to control the overall implementation 

workflow and decision-making. In an attempt to optimize the clinical resources, the 
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present study proposes a patient classification tool to identify prior to treatment those 

patients who might be at risk of violating dose-constraints during SBRT.

To our knowledge, only Bohoudi et al. [95] has previously suggested a criteria to 

identify LAPC patients likely to be at dosimetric risk, to consequently distinguish who 

might benefit from plan adaptation. His suggested approach assesses the geometrical 

configuration of OAR with respect to the tumor location on the planning CT (pCT) 

anatomy, by concluding that the minimum distance from the OAR to the tumor is a 

good indicator to classify LAPC patients. Nonetheless, around half of the cases not 

being at risk were misclassified, and hence, they overpredicted patients requiring an 

adaptive strategy. We consider that the planned dose distribution might also play 

a decisive role in how sensitive a plan may be to OAR daily variations. To test this 

hypothesis, we suggest to use a population-based OAR motion model trained with 

previously observed organ variations in LAPC patients [102], to further quantify the 

dosimetric impact of potential daily anatomical changes on the original treatment 

plan, as basis of our classification criteria. Alternative geometric and dosimetric 

measures will be also evaluated to test the added value of our approach.

4.2. Materials and Methods

Patient data

A total of 133 scans from 35 LAPC patients were included in the study, after providing 

written informed consent. The study was in accordance with the recommendations of 

Declaration of Helsinki and approved by the Institutional Review Board with number 

NL49643.078.14. Patients had been previously treated with a hypofractionated 

SBRT regime of 40Gy in 5 fractions, prescribed to the 80% isodose line. Each 

patient received a pCT scan and maximally 3 pre-fraction in-room CT scans (FxCT) 

performed under instructed end-expiration prior to treatment delivery, through an 

in-room CT-on-rails system integrated in the treatment room [36]. Dose-volume 

constraints were set at V35Gy<1cc to the three critical organs, including the stomach, 

duodenum and bowel. One to four fiducial gold markers were implanted in or around 

the tumor. Delineations of the Gross Tumor Volume (GTV) as well as the three OAR 

were performed in all scans, the latter by following the RTOG guidelines [58]. The 

Planning Target Volume (PTV) was obtained from the isotropic expansion of the 

GTV by 7 mm. The bowel was contoured until L4 as a single structure, including the 

individual loops of the small bowel and the colon. Delineations details can be found 

in Magallon-Baro et al. [102]. 
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Clinical observations dataset
For each patient, rigid transformations were used to align daily to pCT scans, 

representing the couch positioning correction performed at the beginning of each 

fraction by the CyberKnife. The transformation consisted of a spine match (comprised 

by rotation and by a translation transformation) followed by a fiducial match 

correction (only translation), and was used to transfer the planned dose distribution 

from the pCT to the FxCT of each patient. 

V35Gy values were collected in both the planning and daily scans to assess the 

recurrence of dose-constraints violations during treatment, and to establish the 

baseline to evaluate the model performance and other measures. To accurately 

compare V35Gy, sample points used in the pCT dose-volume histograms (DVHs) 

were non-rigidly transformed to daily CT organs, as done for dose accumulation 

purposes [103]. Transformations were estimated per organ between 3D surface 

meshes using the Thin-Plate Spline Robust-Point Matching (TPS-RPM) algorithm, 

available in-house [86,104], which parameters were previously optimized to obtain a 

submillimeter transformation accuracy on each organ.

To assess the effect of organ motion on the dose in the OAR, patients were 

categorized based on the OAR dose violations reported in the FxCT. If at least one OAR 

exceeded dose-constraints in any of the daily CT scans, the patient was categorized as 

a candidate being at risk. Otherwise, not (Figure 4.1).

Individualized population-based DVHs using a statistical OAR 
variation model

For each patient, a population-based statistical OAR deformation-motion model 

was created by learning from organ variations observed in the remaining 34 patients 

of the database, by following a leave-one-out cross-validation approach (LOOCV). 

As described in our previous work [102], the training variations of the model 

correspond to non-rigid registrations performed from the pCT and FxCT to an 

average organ created on each patient, using the TPS-RPM method. All deformation 

vector fields (DVF) of each training patient were propagated to a common-frame-

of-reference of a representative subject, and subsequently processed by a principal 

component analysis (PCA). PCA transforms the average and covariance matrix of 

the set of DVF into principal components or modes of variation, ordered by their 

ability to capture the variance in the data. First modes, hence, describe the most 

common geometric variation patterns that have been observed. As described in 

Eq. (1), new anatomical shapes (OARnew) of the OAR can be created by linearly 
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combining the average OAR shape (OARmean) and the weighted (bl) sum of the first L 
modes of variations characterized by vl.

The model can be used on the left-out patient after non-rigidly registering its 

organ structure set on the reference patient (Figure 4.1). This non-rigid registration is 

the bridge to propagate results retrieved by the model on the test patient. 

Individualized population-based DVHs were generated on each left-out patient, 

by simulating P (P~5000) OAR variations of the pCT anatomy and using the planned 

dose distribution sampled on the simulated organs (Figure 4.1). A Mersenne Twister 

Gaussian pseudorandom number generator was used to create values for the weights (bl) 

in Eq. (1) on the first L modes. L was constrained to 43 modes, since they encapsulated 

90% of the motion variance observed in the three critical organs [102]. The generated 

values followed a Gaussian distribution within ±3 standard deviations on each mode. 

Population-based DVHs were obtained by selecting the 95% confidence interval range 

at each bin of the P simulated DVHs. Bins were defined with a resolution of 0.0001 Gy.

Patient selection tool

The population-DVHs V35Gy bin was analyzed to retrieve the cumulative percentage 

of simulated organs exceeding dose-constraints (V35Gy>1cc). Next, this percentage 

was correlated to risk groups categories (low, mid-low, mid-high and high) based 

on the number of clinical observations that were exceeding dose-constraints in the 

daily CT scans of the given patient, i.e. in zero, one, two or three fractions (Figure 

4.1). For each organ, a boxplot was created containing the distribution of patients 

in each risk category. Pearson correlation coefficients (R) were determined for each 

organ prediction, and a threshold on the simulated percentage exceeding the V35Gy 

constraints was established by dividing patients in risk categories based on simulations. 

This discrimination accuracy was assessed by accounting for misclassified patients 

according to the established thresholds.

The final patient risk classification relied on the combined OAR predictions. If 

the prediction of any of the three OAR was above the corresponding established 

threshold, then the patient was classified as being at risk, otherwise not. The patient 

classification was compared to the clinical observations dataset to determine the 

method accuracy. The sensitivity (ability of the model to correctly identify patients 

𝑂𝑂𝑂𝑂𝑅𝑅𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑂𝑂𝑂𝑂𝑅𝑅𝑚𝑚𝑛𝑛𝑚𝑚𝑛𝑛 +
𝑙𝑙=1

𝐿𝐿

𝑏𝑏𝑙𝑙𝑣𝑣𝑙𝑙 (1)
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with a high-risk plan) and specificity (ability to correctly identify patients with a low-

risk plan) were also abstracted. 

Comparison of the prediction criteria to simpler metrics

To assess the added value of our model-based selection tool against other metrics, 

we compared the clinical observations risk categories with simpler geometric and 

dosimetric measures, such as: minimum distance from OAR to GTV and PTV, and 

tumor size as proposed by Bohoudi et. al [95], GTV and PTV coverage, and overlapping 

volume between OAR and PTV. 

The decision-tree classification criteria presented by Bohoudi et al. was also tested 

in our data. Their criteria is summarized as follows: if the GTV volume is > 41 cc, the 

patient should be classified as candidate for adaptation (i.e. dose tolerances exceeded 

on daily scans), if the minimum distance of the OAR to the GTV is greater than 3 mm, 

the patient can be excluded from the strategy. The remaining combination (GTV 

volume ≤ 41 cc with minimum distance GTV-OAR ≤ 3 mm) leads to an indefinite 

decision, therefore, the patient would be suggested to undergo adaptation. 

4.3. Results

Clinical observations overview

V35Gy values were collected in the daily DVHs using transferred doses and daily 

OAR. In total, 34% of patients reported violations in daily duodenums, 31% in daily 

stomachs and 20% in daily bowels. Overall, dose-constraints were never exceeded in 

any of the organs of 15/35 patients (43%). According to these clinical observations, 

the remaining 20/35 patients would be at risk, as at least one OAR exceeded dose-

constraints during treatment.

Dosimetric risk classification for each OAR 

Simulated dose violation probabilities were clustered in four categories: low, mid-

low, mid-high, and high risk corresponding to zero, one, two, and three observations 

of dose-constraint violations (V35Gy > 1 cc for each OAR) in the FxCT (Figure 4.2). 

Pearson correlation coefficients of 0.8, 0.5, 0.8 were found between simulated risk 

and observed dosimetric changes, on the duodenum, stomach and bowel, respectively.

A maximum correlation with clinical results was found after establishing a 

threshold at 22%, 56% and 27% for simulated duodenums, stomachs and bowels, 
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Figure 4.2. Percentage of simulated OAR exceeding the clinical dose-constraints (duodenum-
left, stomach-middle, bowel-right) clustered per risk group according to how many fractions 
resulted to exceed the dose-constraint in the clinic: 0/3 FxCT (low risk group), 1/3 FxCT (mid-
low risk group), 2/3 FxCT (mid-high risk group), or 3/3 FxCT (high risk group). The thresholds 
established by the red horizontal line discriminate patients (depicted in *) who are in higher 
risk to exceed dose tolerances with the given planned doses, from the ones in a lower risk.

Classi-
fication 
criteria

TP TN FP FN
Sn (%) 

TP/
(TP+FN)

Sp (%) 
TN/

(TN+FP)

Acc (%) 
(TP+TN)/N

PPV (%) 
TP/

(TP+FP)

NPV (%) 
TN/

(TN+FN)

Model-
based 20 9 6 0 100 60 83 77 100

OAR-PTV 
overlap 18 6 9 2 90 40 69 67 75

Bohoudi 
et al. 20 5 10 0 100 33 71 67 100

Table 4.1. Performance measures calculated on the different classification criteria: model-
based approach, OAR-PTV overlap derived criteria, and Bohoudi et al. decision-tree [95], 
according to our clinical observations. (TP– True Positives; TN– True Negatives; FP– False 
Positives; FN– False Negatives; Sn– Sensitivity; Sp– Specificity; Acc– Accuracy; PPV– Positive 
Predictive Value; NPV– Negative Predictive Value; N– Number of observed patients = 35).

respectively (depicted with red horizontal lines in Figure 4.2). These thresholds 

grouped mid-high and high risk patient groups into a single high risk category, which 

contained patients most likely to violate OAR dose-constraints due to moving tissues 

with respect to patients in lower risk categories. The discrimination accuracy of 

patients according to the established thresholds resulted in 89%, 71% and 91% for the 

duodenum, stomach and bowel predictions, respectively. 

Validation of the patient risk classification 

Patients were classified to be at risk if at least one simulated OAR prediction fell  
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Figure 4.4. Minimum distance from GTV to OAR (1st row), from PTV to OAR (2nd row), 
overlapping volume between PTV and OAR (3rd row), and GTV (4th row), PTV coverage 
(5th row) and GTV volume (6th row) distributions according to each dosimetric risk groups 
determined by the clinical observations (0-Low: 0/3 daily dose-constraints violations 
observed, 1-Mid-Low: 1/3 cases, 2-Mid-High: 2/3 cases, and 3-High risk: 3/3 cases). From 
left to right, depicted results on the duodenum, the stomach and the bowel.
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into the red zone of Figure 4.2. In total, our model-based classification tool correctly 

predicted 29/35 subjects, i.e. coincided with the clinical observations. It resulted in a 

prediction accuracy of 83%, and a sensitivity and specificity prediction of 100% and 

60%, respectively (20/35 patients were categorized as being at risk, 9/35 as not, 6/35 

were misclassified as having a risk plan) (Figure 4.3, Table 4.1).

Correlation of the prediction criteria with simpler metrics

Geometric and dosimetric measures were collected and evaluated to find correlations 

with the clinical observations risk groups (Figure 4.4). Weak Pearson correlations 

(-0.3 < R < 0.3), either positive or negative, were found in all collected parameters 

(minimum distance from GTV-OAR and PTV-OAR, PTV overlapping with OAR, 

GTV and PTV coverages). Only the overlapping volume of PTV with the duodenum 

presented a moderate correlation with a R=0.5 coefficient, and R=0.4 with the 

stomach. If establishing thresholds at 5 cc and at 1 cc on the respective organs, a 

patient classification accuracy of 69% would be achieved (24/35 subjects would 

coincide with the clinical observations), with a sensitivity and specificity prediction of 

90% and 40%, respectively (Figure 4.3, Table 4.1).

Metrics used in the decision-tree classification criteria of Bohoudi et al. [95], which 

include tumor size and minimum distance from GTV to OAR, were used to classify 

our patients (Figure 4.3, Table 4.1).It resulted in a patient classification accuracy of 

71%. The sensitivity and specificity predictions of their approach were 100% and 33%, 

respectively (20/35 patients were categorized as needing daily adaptation, 5/35 as 

not, 10/35 were misclassified in favor of adaptation when not needed). 

4.4. Discussion
The present study investigated if a model-based approach is a valuable tool to identify 

patients at risk in exceeding OAR tolerances due to daily anatomical deformations. 

Selected patients can then be eligible to receive an adaptive treatment or undergo 

alternative solutions, such as PTV coverage reduction, risk-adapted fractionation or 

PRV margins inclusion in the treatment plan. This is the first study to derive a patient 

selection tool only based on the planning CT anatomical information, that estimates 

a prediction by quantifying the sensitivity of planned doses to individual OAR 

deformations. Our clinical observations on daily V35Gy dose-constraint reported that 

43% (15/35) of our patients did not present events of dose-constraint violations with 

the planned doses, although anatomical changes occurred. Our proposed method 

accurately predicted 83% of the patients (29/35).
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The distinguishing feature within our study is the use of prior knowledge acquired 

from other LAPC patients to predict how an unknown patient will behave. We already 

tested the performance of the OAR model in our previous work [102]. By using 43 

modes, population-DVHs could reproduce more than 90% of daily DVHs. The current 

study focuses on the V35Gy prediction retrieved from these population-DVHs. The 

V35Gy is a small absolute volume which may be susceptible to small perturbations in 

the analysis, so it may not be the most robust parameter to make constraint violation 

predictions. However, despite the small volumes at stake, the model still proved 

sufficient accuracy for risk prediction since presented strong correlations with clinical 

observations (Figure 4.2).

Individual organ risk predictions had an accuracy around 90% for the duodenum 

and the bowel, but around 70% for the stomach, whose Pearson coefficient was also the 

lowest. The model learns from variations with respect to an average anatomy on each 

patient, with the aim to remove possible biases between the samples of each subject. 

In this study, OAR variations were applied directly to the pCT anatomy. Stomachs can 

change on average up to 1/3 of their volume with respect to the pCT anatomy [102]. 

Therefore, if the pCT organs of the tested patients are not close to their hypothetical 

average anatomy, our predictions will be overestimated. Organ overestimation can 

lead to higher risk probabilities, and hence, a worse patient prediction. Further 

investigations have to be done in an effort to overcome this limitation.

Institutions treating LAPC patients on the MR-Linac have evaluated the impact 

of plan adaptation based on daily re-optimized plans [64,94,95,101,181]. The main 

outcome reported by plan adaptation studies has been the successful prevention of 

delivering high fraction doses to OAR during treatment, although toxicity details have 

not been reported yet. Remarkably, Bohoudi et al. have noted that not all fractions 

or patients might require plan adaptation, similarly to our conclusions; and Tyran et 

al. highlighted that the evaluation of planned doses on daily recontoured anatomies 

is a good indicator for assessing if plan adaptation might be beneficial on a given 

fraction or not. Despite daily plan adaptation benefits have not been compared to our 

patient predictions in the current study, we feel confident, then, to rely on our clinical 

observations dataset, and consequently, that our estimations can be promising for a 

patient risk assessment. 

To our knowledge, only Bohoudi et al. also tried to derive a patient selection tool 

for pancreatic SBRT [95] from their analysis on daily re-optimized plans. Our results 

on geometric measures analysis strengthen their conclusions in remarking that if 

the minimum distance of the GTV to the duodenum and stomach is > 3 mm, then 
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dose tolerances might not be exceeded during treatment. Based on our boxplots in 

Figure 4.4, risk groups would also maximally discriminate low risk candidates by the 

same threshold at 3 mm on both organs (Figure 4.4). Bowel comparisons cannot be 

assessed since no dose violations were observed in their daily bowels. Conversely, 

GTV volumes presented weak correlations with our clinical results. Therefore, by 

applying Bohoudi criteria on our patients, 30/35 patients would be identified as at 

risk, while only 5/35 as not. Eight risk candidates were classified as such for having 

a GTV volume > 41 cc, thus, was the default selection for the remaining 22/35. 

Although up to 10 patients were misclassified, overall Bohoudi parameters achieved a 

good classification accuracy on our independent cohort. However, their criteria does 

not seem representative enough since the majority of patients fell into an “indefinite” 

classification. We believe this is the reason why it resulted into more false positives. 

Despite Bohoudi et al. derived their criteria by using the data of all fractions, our 

model learnt from multiple observed cases in the whole cohort. With our approach, 

we could not only achieve the same prediction than by following their criteria, but also 

provided clearer indications where Bohoudi method was limited to, i.e. in patients 

presenting a small tumor (> 41 cc) close to OAR (> 3 mm), by correctly identifying 4 

more candidates being at low risk (Figure 4.4).

Regarding the other evaluated metrics, only the OAR-PTV overlapping volume 

measure abstracted moderate correlations for the duodenum. A worse classification 

prediction than with Bohoudi et al. criteria was achieved (Table 4.1). The remaining 

geometric and dosimetric measurements did not report promising correlations with 

our clinical observations to be further used as predictors.

To summarize, a model-based prediction tool learning from previously observed 

OAR variations resulted in a robust approach to identify patients that might be at 

risk of exceeding dose tolerances during treatment, outperforming geometric metrics 

based on patient anatomy. New patients can be assigned to a risk group based on 

simulations for each individual gastrointestinal organ. The correct classification of 

patients based on the pCT anatomy can help to individualize treatments only when 

needed, e.g. by risk-adapted fractionation or employing online adaptation. Besides 

maximum patient comfort, this could be beneficial to optimize the clinical resources: 

avoiding the logistical challenges of altering clinical protocols for both patients and 

staff. An external validation of our tool and a further clinical implementation should 

be considered as future practical applications of our work. 
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Purpose: To study the trade-offs of three online strategies to adapt treatment plans 

of patients with Locally Advanced Pancreatic Carcinomas (LAPC) treated on the 

CyberKnife with tumor tracking.

Materials and Methods: A total of 35 planning CT and 98 daily in-room CT scans 

were collected from 35 LAPC patients. Planned dose distributions, optimized with 

VOLOTM, were evaluated on manually contoured daily anatomies to collect daily doses. 

Three strategies were tested to adapt treatment plans: 1) unrestricted full replanning 

using a patient-specific plan template, 2) time-restricted replanning on OARs within 

3 cm from PTV structure, and 3) dose realignment optimization to stay within OAR 

constraints. Dose distributions resulting from each plan adaptation strategy were 

dosimetrically compared by means of GTV, PTV coverage and OAR tolerances.

Results: Planned doses did not report dose-constraint violations for 28/98 daily 

anatomies. None of the suggested plan adaptation strategies improved planned 

doses significantly for this subset. For the 70/98 reporting violations, median and 

interquartile range of PTV coverage of planned doses was 84 (76, 86)%. After plan 

adaptation, unrestricted replanning achieved clinically acceptable plans in 93% of 

these fractions, time-restricted replanning in 90%, and dose realignment in 74%, at a 

median computational time of 8.5, 3 and 0.5 min. Over all 98 fractions, PTV coverage 

reduced -1 (-3, 1)%, -2 (-5, 0)%, and -2 (-8, 0)% after each strategy, respectively. In 

3/70 fractions, none of the suggested strategies achieved clinically acceptable OAR 

dose-volumes. 

Conclusion: Unrestricted replanning resulted in the most time-consuming method, 

but reached the highest number of successfully adapted plans. Time-restricted 

replanning and dose realignment resulted into a high number of plans within dose-

constraints. Depending on the resources available, an adaptive strategy can be selected 

for each patient to address the specific anatomical challenges on the treatment day. 

The increase of complexity of the strategy corresponds with an increasing number of 

successfully adapted plans.
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5.1. Introduction
Daily anatomical changes occurring during the radiotherapy (RT) treatment course 

can cause healthy tissue to receive more dose than intended [15,56]. Adaptive 

radiotherapy (ART) is the evolving paradigm that has emerged to account for these 

ongoing anatomical variations. Online ART entails using daily imaging information to 

adjust the treatment plan to the new organ variations before a radiotherapy fraction 

is delivered, favorably leading towards a more accurate targeting of the disease [96].

Adaptive solutions are especially appealing for targets located in highly dynamic 

regions of the body, such as the abdomen. In particular, unresectable Locally 

Advanced Pancreatic Carcinomas (LAPC) are potential candidates, as they are a 

dose-limited disease site due to their proximity to critically radiosensitive organs, 

which in turn often undergo day-to-day variations [57,102,105]. Gastrointestinal 

acute toxicities have been correlated to daily organs-at-risk (OAR) doses in these 

patients [60,106], so consequently, it is common to compromise the desired doses 

delivered to the tumor. Several institutes have started to apply online ART to treat 

LAPC patients, mostly when being treated with magnetic resonance-guided RT 

(MRgRT) [64,94,101,107,108]. However at our institution, LAPC patients receive 

a hypofractionated stereotactic body radiotherapy (SBRT) treatment on the 

CyberKnife® system (CK) using Synchrony respiratory motion tracking (Accuray Inc, 

Sunnyvale, CA, USA) via fiducial markers [38,100].

To implement online ART in practice, the following elements need to be available 

in a clinical workflow: daily 3D (in-room) imaging, fast contouring, e.g. by deformable 

image registration (DIR), and plan adaptation. Plan adaptation can be applied in 

different forms, but if replanning is considered, i.e. a new plan is created, it has to 

be evaluated after performing dose summation, and finally, patient-specific quality 

assurance (QA) must be performed before the new plan can be delivered. Using ART 

in the clinic can be restricted by the requirement of the presence of dedicated staff 

during treatment (i.e. radiation oncologists, dosimetrists, therapists and medical 

physicists). The amount of resources and practical tools required to make ART 

feasible within a clinical setting has hitherto limited the wide-scale practice [109–

111]. Most institutions are bound to specific commercial technologies that integrate 

imaging system devices with ART: MRIdian (ViewRay, Oakwook Village, OH, USA) 

[112], Elekta Unity system (Elekta AB, Stokholm, Sweeden) [43,113], and recently, 

Ethos (Varian Medical Systems, Inc., Palo Alto, CA, USA) [114]. Whereas the former 

two integrate an MR imaging system on the linac, the latter integrates a cone beam 
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computed tomography scanner. All these technologies make use of vendor specific 

workflows and software packages that are non-transferable.

Our CyberKnife is integrated with an in-room CT-on-rails system, which offers 

the possibility of daily 3D imaging nearly in-situ [36]. Recently, a novel optimization 

algorithm, so-called VOLOTM (Accuray Inc, Sunnyvale, CA, USA), has been included 

in PrecisionTP treatment planning system. The VOLO optimizer has been reported 

to achieve more efficient plans, by means of a lower number of MUs and shorter 

delivery times, and achieves shorter optimization times compared to the sequential 

optimizer in Precision [115–118]. As a result, now we have at our disposal two of the 

key ingredients required to implement an online adaptive solution for LAPC in our 

clinic: daily 3D imaging and a fast optimizer for daily plan adaptation.

Since online adaptation is a time-consuming and resource expensive procedure, 

in our previous work, a patient selection tool was derived from an abdominal OAR 

motion model to identify which patients would benefit the most from online ART 

[102,119]. In the current study, we have investigated three different online plan 

adaptation strategies using existing commercial software solutions, with the aim to 

derive fast, simple and quasi-automated workflows requiring minimal user input, 

to adapt daily plans of LAPC patients. As part of the workflow development, the 

three suggested online plan adaptation strategies have been tested to identify the 

potential benefits and limitations with respect to non-adaptive treatment plans for 

LAPC patients. The three strategies are: 1) full replanning using a plan template, 

2) time-restricted replanning, and 3) dose realignment optimization in three degrees-

of-freedom, corresponding to a robot alignment center shift. Whereas the former 

two can generate a new plan that is adjusted to daily OAR anatomical changes, the 

latter might compromise plan quality in favor of a simpler strategy, avoiding plan 

generation, evaluation and plan QA.

5.2. Materials and Methods

Patient data

A total of 35 patients with nonmetastatic inoperable LAPC were included in 

this investigation after presenting stable disease after receiving chemotherapy 

(FOLFIRINOX) followed by a hypofractionated SBRT treatment of 40 Gy in 5 

fractions, prescribed to the 80% isodose line. Patient data was collected according 

to the LAPC-1 Phase II study (ID: NL49643.078.14), after patients giving informed 

consent, between April 2015 and November 2017. According to study protocol, each 
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patient received a planning CT (pCT) and 3 daily contrast-enhanced pre-treatment CT 

(FxCT) scans. For 7 patients, only 2 daily CTs were available. Among all the patients 

in our cohort, 98 fractions were available in total.

SBRT treatments were delivered on the CyberKnife® M6 system using Synchrony 

respiratory motion tracking prediction model (Accuray Inc., Sunnyvale, CA, USA) 

[38,100]. A median of 3 pre-implanted gold fiducial markers located in and/or around 

the pancreatic tumor were used as surrogates [120]. Prior to treatment delivery, 

FxCTs were acquired on a CT-on-rails system integrated in the treatment room 

under instructed end-expiration after manually applying intravenous contrast agent. 

Patients were immobilized using a vacuum bag on the treatment couch [36]. Food 

and drink intakes were recommended to be avoided 2 h before treatment delivery. 

Gross Tumor Volume (GTV) and OARs (stomach, duodenum, bowel, liver, kidneys 

and spinal cord) were delineated by a radiation oncologist on the pCT according to the 

RTOG guidelines [58]. GTV was isotropically expanded by 5 mm to create the Clinical 

Target Volume (CTV), which was subsequently expanded by 2 mm to generate the 

Planning Target Volume (PTV). 

FxCTs were manually contoured aided by DIR, after treatment delivery. Whereas 

tumor volumes where rigidly transferred from pCT to FxCTs via fiducial matching, 

healthy organs were manually corrected after DIR by an expert user. OAR delineations 

and the available system set-up have been described in detail previously [36,102]. 

Clinical protocol

The clinical protocol recommended that at least 95% of the prescribed dose should 

cover 95% of the PTV. However, the PTV could be and was often underdosed to meet 

the constraints of the surrounding organs, mainly stomach, duodenum and bowel. At 

our institution, these three organs are limited to receive a max dose of 35 Gy, although 

an excess of 0.5 cc could be allowed individually on each OAR in challenging cases 

(i.e. V35 Gy  < 0.5  cc). Therefore, OAR volumes receiving 35 Gy should be kept as low as 

possible. Dose-constraints for all OAR are summarized in Appendix A.5 (Table A.5.1).

Planning CT baseline

For the current study, the new VOLOTM optimizer available in the Precision treatment 

planning system, version 2.0.1.1 (Accuray Inc, Sunnivale, CA) was used. The novel 

optimization algorithm generates plans with a shorter delivery time and in some 

cases increased plan quality [115–118]. Hence, a new baseline set for VOLO plans 
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was generated by iterating to find clinically optimum cost function terms on each 

patient. Reproducing the plans was necessary to be able to use them during the plan 

adaptation experiments. The resulting set of baseline plans, so-called unrestricted 

baseline plans (UBL) throughout the manuscript, was compared to the delivered 

clinical plans to ensure plan quality based on PTV coverage and OAR max doses. 

The set of UBL baseline plans was also reviewed by a radiation oncologist for clinical 

Figure 5.1. On the upper row, workflow overview of plans and templates created on the 
pCT (A: unrestricted baseline plans, B: time-restricted plans), and on the lower row, dose 
distribution on daily scan after transferring the unrestricted baseline doses (C: No adaptation), 
dose realignment (D), unrestricted replanning using UBL template (E), and time-restricted 
replanning (F).  Differences in the DVH for the four methods mentioned before (G), zoomed 
in (yellow box - H) to the OAR dose constraint of V35Gy (only stomach DVH is displayed as 
example).
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acceptance. Plans were optimized without constraining the system, hence, using 

a high resolution (voxel size was 0.98 x 0.98 x 1.5 mm3) on the full OAR volumes 

(i.e. all voxels within volumes associated with constraints were used), all possible 

non-coplanar beam directions (i.e. full path set with 102 CK nodes) were allowed to be 

used during optimization, and no restriction to optimization iterations were applied. 

For each patient, a patient-specific template including all optimization parameters 

used in the pCT was stored in Precision to be used during the adaptation experiments 

(Figure 5.1).

An additional structure could be used during planning to better control the dose 

delivered to the OARs. This structure was defined as the intersection between PTV 

and the three OARs expanded by 2 mm, and was used only for optimization purposes. 

As optimization goals, this additional volume was constrained to receive a minimum 

of 30 Gy and a maximum of 35 Gy.

As plan adaptation is only one of the elements in an online ART procedure and the 

OARs continue to move [121,122], it is highly important to minimize the time needed 

to execute each step of the workflow. For that reason, a second set of patient-specific 

templates was created aiming to restrict the optimization time without compromising 

the plan quality. The basic concept was to use the unrestricted baseline plans as a 

patient-specific prior, in order to develop an alternate optimization method that 

could achieve a comparable result in a reduced planning time. This set of plans is 

referred to as time-restricted plans (TR), but only the template containing the new 

optimization parameters to create the TR set was stored to be used during plan 

adaptation experiments (Figure 5.1).  

Several optimization parameters set in VOLO influence the optimization and dose 

calculation times when creating a new plan, most importantly the sampling density 

on RT structures, such as target and OAR volumes. Other influencing factors were the 

amount of CK nodes available during optimization, and number of MLC adaptation 

iterations performed. To reduce the plan computational times, the second set of plans 

were created using a reduced number of nodes, and optimization iterations allowed. 

Both were reduced as long as plan quality was preserved. OAR sample points were 

also reduced by clipping OAR volumes to just the organ intersections with the PTV 

expanded by 3 cm, and reducing the sampling density within these new volumes to 

medium, i.e. every other voxel in X and Y directions, hence, sample point spacing was 

reduced to 1.96 x 1.96 x 1.5 mm3. The time-restricted templates set were saved when 

the resulting plans were dosimetrically comparable to the unrestricted baseline plans, 

by means of PTV coverage and OAR max doses.
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From the combination of the abovementioned optimization parameters, a mul-

tivariate regression model was derived using the least squares method. In a clinical 

setting, the resulting model could be a potential tool to estimate the time required to 

adapt treatment plans on FxCTs using the combination of these parameters in the pCT.

For each patient, then, two patient-specific templates including all optimization 

parameters used in the pCT were stored in Precision: 1) unrestricted baseline plan 

template, and 2) time-restricted plan template. These templates were not intended 

to be altered manually during online plan adaptation. They would be used in a quasi-

automated way, requiring no user input (Figure 5.1). Median computational times 

were collected on both baseline plans to check if timings on the pCT could give an 

indication of expected computational timings on the daily scans.

The two-sided Wilcoxon signed-rank test was used to compare plan parameters 

for acceptance. Unrestricted baseline plans were compared with clinical plans, and 

time-restricted plans with unrestricted baseline. A p-value of < 0.05 was defined as 

statistically significant.

Online plan adaptation strategies

Three plan adaptation strategies, requiring no user input, were tested on the 98 daily 

anatomies manually pre-contoured. All daily OAR contour sets were, for practical 

reasons, rigidly transferred to the pCT with the same transformation as used for 

alignment on the treatment machine, resulting in the no plan adaptation dataset 

(Figure 5.1-C). After applying the different plan adaptation strategies (Figure 5.1-

D,F), resulting doses were compared to unrestricted baseline doses (Figure 5.1-A), 

all evaluated on the transferred daily OAR contours. The assumption to evaluate 

daily doses directly on the pCT was supported by a comparison of the transferred and 

recalculated dose on the daily scans (see also discussion).

The three strategies investigated were: 1) plan adaptation using the unrestricted 

baseline plan template, 2) plan adaptation using the time-restricted plan template, 

and 3) plan adaptation via dose realignment (Figure 5.1).  

Strategy 1: Replanning via unrestricted baseline template

Unrestricted baseline plan templates were used to perform an automated full inverse 

planning with new segments and new nodes according to the daily OARs. Cost 

function terms and optimization parameters were unchanged; hence, no user input 

was required. These resulted in the unrestricted replanning set (URp).
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Strategy 2: Replanning via time-restricted template

Time-restricted templates were used to perform an automated full inverse planning 

with new segments, new nodes and reduced sampling on the daily reduced OAR 

volumes (i.e. intersection volume of daily OAR with PTV expanded by 3 cm). Cost 

function terms and optimization parameters were unchanged; hence, no user input 

was required These resulted in the time-restricted replanning set (TRRp).

Strategy 3: Dose realignment

An algorithm was designed to optimize the dose realignment (DRe). The algorithm 

works as follows: the unrestricted baseline dose is overlaid onto the daily three 

main OARs (i.e. stomach, duodenum, and bowel) to evaluate daily violations 

(i.e. V35Gy < 0.5 cc). Next, V35Gy isodose line and the overlapping volumes between 

OAR and V35Gy are converted into 3D surface meshes. The resultant vector (Figure 

5.2 – Red dashed line) from the sum of centroid distances between OAR-V35Gy 

(Figure 5.2 – Black arrows) determines the direction of the dose distribution shift 

(Figure 5.2 – Red arrows). In a stepwise process, the V35Gy mesh is shifted in this 

direction until all OAR constraints are satisfied. The resultant direction is recalculated 

if there is an increase in other OAR overlap volumes or a local minimum outside 

constraints. If there is no solution that satisfies all OAR dose-constraints (this may 

happen if the daily OARs are too close to the GTV), the shift is selected with the lowest 

overlap volume of the combined OAR that receives 35 Gy. 

Figure 5.2. Schematic depiction of the elements used for dose realignment optimization. 
In colors, structures used during optimization: stomach (orange), duodenum (yellow), 
bowel (blue), V35Gy isodose line (green), overlapping OAR-V35Gy volumes (light blue). The 
resultant vector that determines the direction to shift the dose (red arrow) is obtained from 
the addition of the centroid distances (black arrows) between the overlapping volumes and 
V35Gy isodose line. Iteratively, this direction is corrected if needed until converging into a 
solution satisfying all OAR constraints.
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In practice, the resulting optimal translation would move the planned dose volume 

away from the daily OARs in case of dose constraint violations. Our CyberKnife would be 

able to use this translation by applying it as an additional shift to the robot position [36].

Strategy comparison

Dosimetric parameters were obtained in the adapted treatment plans to determine 

the ability of each strategy to remain within OAR constraints, and the consequences 

for target coverage. The same parameters were collected for the non-adapted plans, 

i.e. by evaluating the unrestricted baseline doses on the daily OAR contours. In 

all cases, daily OAR doses were evaluated using the unclipped OAR. Dosimetric 

parameters collected were median and interquartile range (IQR) of the GTV and PTV 

coverage, PTV min and mean dose, and OAR mean and max doses, as the distribution 

of some of these parameters is skewed. The two-sided Wilcoxon signed-rank test 

was used to compare dosimetric differences of adapted vs. non-adapted plans, as 

well as dosimetric differences between strategies. A p-value of < 0.05 was defined as 

statistically significant. To determine the feasibility of using each approach in a clinical 

setting, the computational times needed to adapt the plans were also compared.

Plan adaptation strategies were applied in all 98 fractions available in this study. 

The daily fractions were split in different groups for a better pair-wise comparison 

of adapted and non-adapted plans: 1) The subgroup of fractions not showing dose-

constraints violations after evaluating unrestricted baseline plans on the daily OARs 

was categorized as not requiring plan adaptation. 2) The subgroup of fractions that 

did show dose-constraints violations after evaluating unrestricted baseline plans 

on the daily OARs was categorized as requiring plan adaptation. To compare the 

performance of the strategies, the latter subgroup was further split into two groups: 

fractions for which all three strategies converged to a solution satisfying all OAR 

constraints (2a) vs. fractions for which at least one strategy failed in satisfying OAR 

constraints (2b).

Finally, an additional pair-wise comparison in subgroup 2 was performed 

between the non-adapted and the three adapted OAR doses to evaluate the dosimetric 

implications of daily adaptation.

5.3. Results

Patient data overview

This study included a cohort of 35 LAPC patients (19 female and 16 male) with median 
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age of 61 years (min-max: 48–75 years). Median GTV size was 26.8 cc (min-max: 5.1–

141.0 cc), with a median tumor diameter of 38 mm (min-max: 19–70 mm). Tumors 

were located in the head and body of the pancreas in 19 and 16 patients, respectively.

Planning CT baseline plans

Unrestricted baseline and time-restricted plans, both optimized with VOLO, were 

dosimetrically comparable, and were significantly better compared to clinical 

plans. Both set of plans reported improved target coverage and better OAR sparing 

(Appendix A.5 - Table A.5.2). No significant differences were found among the 

collected dosimetric parameters in both sets of plans, except for PTV Dmin that was 

inferior by a median of -0.4 Gy on TR. 

On average, estimated treatment delivery time per fraction for the unrestricted 

pCT baseline plans was 16 ± 3 min, requiring 34 ± 7 nodes, 43 ± 10 segments, 

and 12000 ± 3500 total MUs. For the time-restricted plans, estimated treatment 

delivery time per fraction was on average 15 ± 4 min, and required 27 ± 6 nodes, 

45 ± 15 segments, and 13700 ± 4000 total MUs.

Strategy comparison for daily plan adaptation

Over all fractions, median and IQR of PTV coverage of planned doses was 84 (78, 91)%. 

After plan adaptation, unrestricted replanning reduced PTV coverage by -1 (-3, 1)%, 

time-restricted replanning by -2 (-5, 0)%, and dose realignment by -2 (-8, 0)%. GTV 

coverage of planned doses was 96 (91, 99)%, and after plan adaptation it reduced by 

0 (-2, 1)%, 0 (-2, 1)%, -1 (-4, 1)%, respectively. Median dose differences between TRRp 

and UnRp for PTV coverage, PTV mean dose, GTV coverage and GTV mean dose 

were -0.6, -0.2, -0.4, 0%, correspondingly. Median dose differences between DRe 

and UnRp were -2.5% (GTV coverage), -0.2% (PTV Dmean), -1.1% (GTV coverage), 

and -0.8% (GTV Dmean). A more detailed dosimetric comparison is presented in 

Table A.5.3, Table A.5.4, and Figure 5.1.

Median dose-constraint violations of 0.2 (0.0, 0.8) cc were observed in the 

stomach, and 0.5 (0.1, 1.2) cc in the duodenum. On average over all fractions, these 

violations were resolved by all strategies after plan adaptation (see Appendix A.5 – 

Table A.5.3). However, by looking at individual fractions, dose-constraint violations 

after plan adaptation still occurred. To analyze these occurrences in more detail, we 

used the subgroups presented in Materials & Methods section.  

To determine if fractions needed plan adaptation, V35 Gy values were collected in 

the pCT scans using unrestricted baseline plans and daily OARs. In total, 71% (70/98) 
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of the fractions showed dose-constraint violations (i.e. V35Gy > 0.5 cc). This result 

indicates that 28/98 would have not required plan adaptation for OAR constraint 

violations (subgroup 1). 

For the 28/98 daily scans not exceeding dose-constraints, all three strategies 

converged into clinically acceptable solutions, i.e. resulting plans never exceeded OAR 

dose-constraints. Dosimetric differences between the strategies on these fractions 

are presented in Figure 5.3, and are summarized in Appendix A.5 - Table A.5.5. 

Summarizing, the target coverage could hardly be improved upon in these cases.

The following results compare the strategies within the subgroup 2 of 70/98 daily 

scans that do require plan adaptation because of OAR constraint violations after 

evaluating the unrestricted baseline doses on daily anatomies.

Structure Parameters
No 

adaptation 
(NoAd)

Plan adaptation

UnRp – 
NoAd ρ TRRp – 

NoAd ρ DRe – 
NoAd ρ

PTV Coverage 
(%)

84 
(76, 86)

-1 
(-3, 1)

NS -2 
(-4, 0)

<.001 -3 
(-9, -1)

<.001

Dmean (Gy) 43 
(42, 43)

-0.2 
(-0.7, 0.3)

NS -0.4 
(-0.9, 0.0)

<.001 -0.3 
(-0.8, -0.1)

<.001

Dmin (Gy) 27 
(26, 28)

-0.2 
(-0.6, 0.4)

NS -0.3 
(-1.2, 0.2)

.01 -2 
(-4, -1)

<.001

GTV Coverage 
(%)

95 
(90, 98)

-0.1 
(-1.9, 1.6)

NS -0.3 
(-2.1, 1.1)

NS -2 
(-4, 0)

<.001

Dmean (Gy) 46 
(45, 46)

-0.1 
(-0.7, 0.3)

NS -0.4 
(-0.9, -0.1)

<.001 -0.2 
(-0.6, -0.1)

<.001

Stomach V35 Gy (cc) 0.4 
(0.0, 1.0)

-0.3 
(-1.0, 0.0)

<.001 -0.4 
(-1.0, 0.0)

<.001 -0.1 
(-0.7, -0.0)

<.001

Dmean (Gy) 6 
(4, 8)

-0.1 
(-0.6, 0.1)

NS -0.2 
(-0.6, 0.5)

NS -0.0 
(-0.1, 0.1)

NS

Duodenum V35 Gy (cc) 0.6 
(0.1, 1.2)

-0.5 
(-1.2, -0.1)

<.001 -0.5 
(-1.2, -0.1)

<.001 -0.2 
(-0.8, 0.0)

<.001

Dmean (Gy) 10 
(7, 13)

-0.3 
(-1.1, 0.1)

.001 -0.2 
(-0.6, 0.4)

NS -0.2 
(-0.6, 0.1)

.001

Bowel V35 Gy (cc) 0.0 
(0.0, 0.6)

0.0 
(-0.4, 0.0)

<.001 0.0 
(-0.6, 0.0)

<.001 0.0 
(-0.2, 0.0)

.001

Dmean (Gy) 2 
(1, 3)

-0.1 
(-0.1, 0.0)

.03 -0.2 
(-0.3, 0.1)

.01 0 
(0, 0)

NS

Table 5.1. Median and interquartile range plan parameters for the 49/70 daily plans 
exceeding dose-constraints where the three adaptive strategies found an optimal solution 
(subgroup 2a). Unrestricted baseline plan doses (NoAd – No adaptation), and differences 
between adapted vs. non-adapted plans are reported (unrestricted replanning (UnRp), time-
restricted replanning (TRRp) and dose realignment (DRe)). Statistically non-significant (NS) 
for p < 0.05.
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For this subset of 70/98 cases, unrestricted replanning reached a clinically 

acceptable solution (i.e. OAR constraints were met) for 93% (65/70) FxCTs, time-

restricted replanning for 90% (63/70) FxCTs, and dose realignment for 74% (52/70) 

FxCTs. In only 3/70 fractions none of the proposed solutions resulted in a plan 

satisfying OAR dose-constraints. A dosimetric comparison on each fraction where at 

least one strategy failed can be seen in Figure A.5.2.

All three strategies worked on 70% (49/70) of the daily anatomies (subgroup 

2a). This subgroup of 49 fractions was used to compare the dosimetric differences 

between the three strategies by means of target coverage and OAR sparing (Table 5.1, 

Figure 5.3). 

Figure 5.3. Distribution of dosimetric parameters of unrestricted baseline plans on daily 
OAR (NoAd - No adaptation - Blue) vs. adapted plans via unrestricted replanning (UnRp 
– Orange), time-restricted replanning (TRRp – Green), and dose realignment (Dre – Red). 
Boxplots are presented per subgroups on PTV coverage, PTV Dmin, GTV coverage, and 
volumes receiving 35Gy on the stomach, duodenum, and bowel. Dose-constraint on these OAR 
is V35Gy < 0.5 cc (red lines).

Subgroup 1 (28/98 fractions): Do not need adaptation

Subgroup 2 (70/98 fractions): Need adaptation

Subgroup 2a (49/70 fractions): All strategies converged into an optimal solution

Subgroup 2a (21/70 fractions): At least 1 strategy did not converge into an optimal solution
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Unrestricted replans resulted in the most similar plans to baseline doses 

(corresponding to no adaptation) regarding target coverage, since differences on both 

GTV and PTV doses were not significant after adaptation. Time-restricted replanning 

slightly reduced PTV target coverage after adaptation, but there was no significant 

reduction in GTV coverage. However, there were significant differences after dose 

realignment, since median PTV coverage reduced 3% compared to the baseline, and 

median GTV coverage by 2%. A pair-wise dosimetric comparison per patient on each 

of these 49/70 fractions can be seen in Figure A.5.3. Optimizing dose realignment to 

meet OAR constraints, resulted in translational displacements of 3±2 mm on average. 

For the 70 fractions requiring plan adaptation, the implications of adapting the 

treatment plans according to each strategy were analyzed. Figure 5.4 depicts the 

pair-wise comparison of dosimetric parameters in these 70 fractions for the non-

adapted and three adapted doses using daily OAR vs. the planned dose on the pCT. 

Median PTV coverage reduced after plan adaptation for all strategies, resulting in 

< 5% decrease for 55, 51, 40 fractions after unrestricted, time-restricted replanning 

and dose realignment, respectively. PTV coverage was increased after adaptation 

compared to baseline plan by > 2.5% for 8 fractions after unrestricted replanning, 

and for 5 fractions after time-restricted replanning (Figure 5.4). 

Computational times

Median computational times required to compute doses on the pCT were: 9 min 

(interquartile range (IQR): 7.5–12 min, min-max: 4–31 min), and 3.5 min (IQR: 

3–4 min, min-max: 2–13 min) for unrestricted baseline and time-restricted plans, 

respectively.

On the FxCT, median computational times required to adapt planned doses 

according to each plan adaptation strategy were: 8.5 min (IQR: 7–13 min, min-

max: 3.30–23.5 min) for unrestricted replanning; 3 min (IQR: 2.5–4 min, min-max: 

2–13 min) for time-restricted replanning, and 30 sec (IQR: 21–38 sec, min-max: 

7–78 sec) for dose realignment. 

The number of sampling points between unrestricted and time-restricted plans 

was reduced on average by 73 ± 10 %. From the combination of optimization 

parameters used in the unrestricted and time-restricted templates (i.e. number of 

sampling points, nodes, adaptation iterations reduction), the multivariate regression 

revealed a significant strong correlation between number of sampling points and 

plan computational times with a coefficient of determination of R2=0.92 and 

p-value < 0.001 (Figure 5.5). The relation among both variables was defined by the
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Figure 5.4. Dosimetric parameter comparison in the 70/98 fractions (subgroup 2) exceeding 
dose-constraints. All adaptive strategies are compared to the unrestricted baseline planned 
doses on pCT (A: PTV coverage difference, B: PTV coverage, C: GTV coverage, D: V35Gy of the 
stomach, E: V35Gy of the duodenum, F: V35Gy of the bowel). In histogram A in white vs. grey, 
the plans achieving a lower vs. higher PTV coverage after plan adaptation, respectively. The 
graphs D, E, F also include a zoomed region from 0 to 2 cc to show how often adapted plans 
stayed within OAR constraints (V35Gy < 0.5 cc, limited by red lines). 

Figure 5.5. Correlation of optimization time with the sampling density when planning with 
VOLOTM. In the lower right corner, equation obtained from the multivariate regression, being 
T the estimated optimization time, and x the number of sampling points used for optimization.
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linear regression model expressed by Eq. (1), where T is the estimated optimization 

time, and x the number of sampling points used for optimization. The other 

parameters (total nodes and adaptation iterations) were not statistically significant in 

the multivariate regression analysis.

5.4. Discussion

This study shows the potential trade-offs of three online plan adaptation approaches 

for pancreatic cancer treated with SBRT when using real-time tumor tracking. All 

strategies were implemented using existing commercial software complemented by 

in-house developed scripting. These workflows could, with minimal adaptation, be 

transferred to other combinations of imaging and treatment planning software from 

different vendors. From the current analysis, we could determine the potential benefits 

and implications of applying plan adaptation on this challenging group of patients, 

which in general dosimetrically improves the non-adaptive treatment plans. Each 

adaptive solution, of varying complexity, appeared valid for a subset of LAPC patients: 

unrestricted replanning achieved clinical acceptable plans satisfying OAR constraints 

in 93% of the fractions, time-restricted replanning in 90%, and dose realignment in 

74%, at a median computational time of 8.5, 3 and 0.5 min, respectively. These results 

remark the feasibility and implications of each strategy and the choices to be made 

before incorporating a strategy in a clinical setting.

Noteworthy is the fact that in only 3/70 fractions none of the online plan 

adaptation strategies would have resulted in a clinically acceptable plan. By changing 

the optimization parameters in replanning in this very small subset of fractions (not 

allowed in this study), we believe a clinically acceptable plan could be achieved but 

at the cost of optimization time. The most complex and time-consuming method 

reached the highest number of successfully adapted plans. However, by scaling down 

in complexity we still achieved a high number of plans within dose-constraints.  

The best adapted plans for LAPC treatment site were achieved by unrestricted 

and time-restricted replanning strategies, where both methods generate a new plan 

sculpted to the daily anatomy (Figure 5.1). In general, they managed to maintain 

planned target coverage while further reducing doses to the OARs. Time-restricted 

templates were optimized on down-sampled OAR structures, cut 3 cm from the 

target. Dose differences between unrestricted and time-restricted plans on the pCTs 

were not significant, except for PTV Dmin (see Appendix A.5 - Table A.5.2). The 

𝑇𝑇 = 0.000017𝑥𝑥 + 1.05 (1)
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trade-off between time and plan quality in the FxCTs was also minimal. The dose 

differences between unrestricted and time-restricted replanning for PTV coverage 

and mean dose were significant but below 1%. The differences for GTV coverage and 

mean dose were not significant and well below 1%, respectively (see Appendix A.5 – 

Table A.5.4). These small differences might be explained by our main focus during 

plan optimization on near max doses in very small volumes in the high dose region. 

Studies referencing treating pancreatic cancer patients on the MRIdian system, also 

report treatment plans using the volumes within 3 cm to the PTV [94]. 

Plans resulting from dose realignment, using the dose optimized on pCT anatomy, 

compromise target coverage to achieve OAR constraints. This effect can be graphically 

observed in Figure 5.1 and quantitatively in Figure 5.3 and Figure 5.4, where dose 

realignment (in red) practically always resulted in a lower PTV coverage than what was 

accepted on the pCT. Considering the 52/70 cases where dose realignment resulted 

in clinically acceptable plans (i.e. OAR constraints were met), it comes at a small 

cost of a median PTV coverage loss of 2.5% with respect to unrestricted replanning 

(Table 5.1, Appendix A.5 – Table A.5.4). This loss in coverage is caused by the use of 

a dose distribution which is sculpted to the planning anatomy instead of the daily 

OARs. Simple shifts on pCT doses cannot fully compensate for daily organ variations 

occurring close to the tumor. Similarly, in 18/70 fractions where dose realignment 

did not converge to a clinically acceptable solution, daily OARs might have moved too 

close to the GTV, restricting the room to shift the dose.

In practice, dose realignment optimization might also have to be constrained 

beforehand for a maximum allowed PTV coverage reduction. Dose realignment 

is a simple strategy and can be easily implemented with any combination of linear 

accelerator and (in-room) imaging device, and at the same time, also avoids generating 

a new daily plan that has to be reviewed and has to receive QA. This method is 

comparable to the method available in the Elekta Unity MR-Linac, using the “Adapt-

to-Shape” mode with “Original segments”, which moves the beam aperture centers 

without changing segment shapes or weights [43,113]. To our knowledge, there are 

no studies, though, evaluating the specific effect of this strategy on LAPC patients, 

although it was tested on other abdominal treatment sites.

Due to the challenging location of the pancreas, LAPC tumors are often 

encapsulated by healthy tissue. This limits the potential gain achievable by any kind of 

adaptive strategy, as we are restricted by the doses that adjacent organs may receive. 

Our study shows that the success of each plan adaptation strategy might be correlated 

with increased OAR-PTV overlap compared to the pCT anatomy (Appendix A.5 – 



Discussion

82

5

Figure A.5.2). However, general conclusions cannot be drawn due to the small number 

of cases in which the strategies failed. 

For practical reasons, the dose distributions of all adapted plans were calculated 

and/or evaluated on the pCT scan after propagating daily anatomies via a fiducial 

match, hence keeping the consistency of evaluating all strategies on the same scan. 

Although this might be considered a limitation of the study, we observed negligible 

dose differences on OAR and small differences on the GTV and PTV between 

transferred and recalculated plans. None of these differences would be clinically 

relevant (Appendix A.5 – Table A.5.6).

Considering that plan adaptation is not the only element within ART workflow, 

the computational time required for each strategic approach plays an important role. 

A balance between plan quality and computational time has to be found between 

strategies, since unrestricted replanning, despite achieving the highest plan quality, 

requires too much time to be accepted in clinical practice (i.e. > 8 min). Other 

studies involving MR-guided RT have reported median computational times for 

plan adaptation between 2-10 min depending on treatment site and delivery system 

[43,113,123,124]. However, in all studies, authors urge the need of decreasing these 

computational times, to reduce the time the patient lies on the treatment couch, and 

to minimize the impact of possible OAR motion. From our study, we observed that 

time-restricted replanning and dose realignment could to be good alternatives for 

unrestricted replanning (Figure 5.3). 

The multivariate regression analysis found a high correlation between sampling 

density and optimization time (Figure 5.5). Although node reduction did not appear to 

significantly influence the multivariate regression, it also reduced the computational 

times of unrestricted replans by > 30 seconds. Another important observation in 

Figure 5.5 is that the optimization times for all of the patients lie on the same line. 

So, anatomical variations among patients are only relevant if they affect the number 

of sample points. This is important because the number of sample points is easily 

computed in Precision, and therefore, the optimization time in both unrestricted or 

restricted methods could be estimated very quickly by using the regression model. 

Also, the number of sample points for any patient is likely to be similar between pCT 

and all fractions, so the time needed for adaptation can be estimated in advance based 

on the initial plan. 

Another relevant finding was observed in the 28/98 fractions (subgroup 1) where 

OAR dose-constraint violations did not occur after evaluating planned doses onto the 

daily anatomies. Despite not requiring plan adaptation, the three strategies were also 
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applied in this subgroup of fractions. None of the plan adaptation methods tested 

in this protocol improved planned dose distributions significantly (Appendix A.5 – 

Table A.5.5), which reaffirms the exclusion of these fractions to undergo ART. 

Nonetheless, these fractions could be subject to dose escalation similarly to the 

work shown in some studies [64,107,108,125]. In the other group of 70/98 fractions 

(subgroup 2), plan adaptation helped to mitigate OAR constraint violations, but 

the median target coverage remained < 84% after plan adaptation. Considering all 

adapted plans were also prescribed to the 80% isodose line, we believe there would be 

limited room for dose escalation in this subgroup.

One of the main limitations of our study is that we have used manually pre-

contoured fraction CTs. As reported by Henke et al. [64], contouring is one of the 

elements in ART that takes a relatively large amount of time. At the moment, the CK 

system does not offer an integrated adaptive solution, so it is difficult to estimate the 

time of the total adaptive procedure. Hence, our focus has been on the optimization 

of plan adaptation, as one of the key elements within the ART setup. 

Another limitation of our study is that only three out of five FxCT were available 

in the current analysis. The LAPC-1 study protocol was initially not designed for plan 

adaptation purposes, and the amount of daily CTs per patient was limited, in order to 

minimize unnecessary irradiation and contrast agent injection. 

SBRT can be associated with high rates of GI toxicity. These toxicities can be 

avoided if normal tissue constraints are respected. Daily adaptation is a means 

to ensure this during each individual fraction. However, there are limited data 

to support a translation of the current achieved dose reduction to a reduction of 

clinically observed side effects, nor it is clear if patients will benefit from treatment 

intensification that may be possible with daily adaptation. Further studies are needed 

to investigate dose-volume-effect relationships of normal tissues and to determine 

the optimal tumor dose and fractionation.

In conclusion, online adaptive RT is dosimetrically beneficial for a subset of LAPC 

patients, as it reduces OAR doses by taking interfractional anatomical changes into 

account. Plan adaptation can be implemented by replanning or by shifting the dose 

volume. Depending on the resources available, one or more adaptive strategies can be 

clinically implemented. The increase in complexity of the strategy is consistent with 

an increasing number of successfully adapted plans. The use of plan adaptation for 

LAPC patients will ensure that each patient receives a plan appropriate at the time 

of their treatment that compensates for anatomical changes occurring day after day.
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Figure A.5.1. Comparative boxplots showing distribution of 98 daily plans (all fractions) 
on PTV coverage, PTV Dmin, GTV coverage, and volumes receiving 35Gy on the stomach, 
duodenum, and bowel. Dose-constraints on these OAR is V35Gy < 0.5 cc (red lines).

Figure A.5.2. Differences between non-adapted and adapted plans on subgroup 2b fractions 
where at least 1 adaptive strategy (AS) failed, i.e. did not met OAR constraints. (left column), 
2 strategies failed (middle column) and 3 strategies failed (right column). In blue: No adapted 
plan; orange: Unrestricted replan; green: Time-restricted replan; red: dose realignment.
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Table A.5.1. Target and organs-at-risk dose-constraints as stated in the clinical protocol for 
LAPC patients. *Doses were evaluated separately on each kidney.

Structure Parameters CLIN UBL – CLIN ρ TR – UBL ρ

PTV Coverage (%) 76.2 
(68.2, 88.7)

3.6 
(0.9, 5.7)

< .001 -0.3 
(-0.8, 0.5)

NS

Dmean (Gy) 42.3 
(41.5, 44.1)

0.2 
(-0.1, 0.9)

NS 0.0 
(-0.4, 0.2)

NS

Dmin (Gy) 25.5 
(23.2, 27.8)

1.2 
(0.1, 4.0)

0.001 -0.4 
(-0.9, 0.2)

0.004

GTV Coverage (%) 91.1 
(84.0, 98.3)

2.0 
(0.1, 6.4)

< .001 0.0 
(-0.2, 0.2)

NS

Dmean (Gy) 45.0 
(44.0, 46.1)

0.8 
(-0.4, 1.8)

0.008 -0.1 
(-0.4, 0.2)

NS

Stomach V35 Gy (cc) 0.0 
(0.0, 0.2)

0.0 
(-0.1, 0.0)

0.001 0.0 
(0.0, 0.0)

NS

Dmean (Gy) 7.2 
(5.1, 9.4)

-1.6 
(-2.3, -0.7)

< .001 0.1 
(-0.1, 0.8)

NS

Duodenum V35 Gy (cc) 0.0 
(0.0, 0.1)

0.0 
(-0.1, 0.0)

0.02 0.0 
(0.0, 0.0)

NS

Dmean (Gy) 12.0 
(6.2, 14.5)

-2.1 
(-3.4, -1.0)

< .001 -0.0 
(-0.2, 0.3)

NS

Bowel V35 Gy (cc) 0.0 
(0.0, 0.0)

0.0 
(-0.0, 0.0)

NS 0.0 
(-0.0, 0.0)

NS

Dmean (Gy) 2.6 
(1.8, 3.3)

-0.5 
(-0.9, -0.2)

< .001 -0.1 
(-0.2, 0.0)

NS

Table A.5.2. Median and interquartile range plan parameters for the 35 clinical plans (CLIN), 
and differences between unrestricted baseline plans (UBL) vs. clinical plans, and unrestricted 
baseline vs. time-restricted plans (TR). Statistically non-significant (NS) for p > 0.05.

Organ Constraint

PTV At least 95% of the prescribed dose of 40 Gray in 5 fractions should 
cover 95% of the PTV. 

Stomach, 
Duodenum, 
Bowel 

Max dose < 35 Gy 
(A minor violation of 0.5 cc is allowed on each organ during 
treatment planning, but this should be kept as low as possible) 

Liver V20Gy < 700 cc 

Kidney* Mean dose: < 15 Gy 
V15Gy < 30% 

Spine Max dose: < 27.5 Gy 
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Structure Parameters
No 

adaptation 
(NoAd)

Plan adaptation

UnRp – 
NoAd ρ TRRp – 

NoAd ρ DRe – 
NoAd ρ

PTV Coverage 
(%)

84 
(78, 91) 

-1.1 
(-3.4, 0.8) 

0.001 -2.0 
(-4.6, 0.1) 

<.001 -2.0 
(-8.4, 0.0) 

<.001 

Dmean (Gy) 43 
(42, 44) 

-0.2 
(-0.7, 0.2) 

0.002 -0.5 
(-1.0, 0.0) 

<.001 -0.2 
(-0.8, 0.0) 

<.001 

Dmin (Gy) 27 
(26, 28) 

-0.1 
(-0.8, 0.3) 

NS -0.5 
(-1.6, 0.3) 

<.001 -1.2 
(-3.9, -0.1) 

<.001 

GTV Coverage 
(%)

96 
(91, 99) 

-0.1 
(-2.2, 0.9) 

NS -0.1 
(-2.1, 0.6) 

0.02 -0.6 
(-3.7, 0.0) 

<.001 

Dmean (Gy) 46 
(45, 46) 

-0.1 
(-0.7, 0.3) 

0.02 -0.5 
(-1.0, 0.0) 

<.001 -0.1 
(-0.6, 0.0) 

<.001 

Stomach V35 Gy (cc) 0.2 
(0.0, 0.8) 

-0.2 
(-0.8, 0.0) 

<.001 -0.2 
(-0.8, 0.0) 

<.001 0.0 
(-0.4, 0.0) 

<.001 

Dmean (Gy) 5 
(3, 7) 

-0.1 
(-0.5, 0.2) 

NS -0.1 
(-0.5, 0.5) 

NS 0.0 
(-0.1, 0.1) 

NS 

Duodenum V35 Gy (cc) 0.5 
(0.1, 1.2) 

-0.5 
(-1.0, 0.0) 

<.001 -0.4 
(-1.0, 0.0) 

<.001 0.0 
(-0.5, 0.0) 

<.001 

Dmean (Gy) 10 
(6, 13) 

-0.4 
(-1.1, 0.0) 

<.001 -0.3 
(-1.1, 0.3) 

<.001 0.0 
(-0.5, 0.0) 

<.001 

Bowel V35 Gy (cc) 0.0 
(0.0, 0.3) 

0.0 
(-0.3, 0.0) 

<.001 0.0 
(-0.3, 0.0) 

<.001 0 
(0, 0) 

0.001 

Dmean (Gy) 2 
(1, 3) 

-0.1 
(-0.2, 0.1) 

0.04 -0.1 
(-0.3, 0.1) 

<.001 0 
(0, 0) 

0.02 

Table A.5.3. Median and interquartile range plan parameters for the 98 daily plans (all 
fractions) not exceeding dose-constraints after rigidly transferring the unrestricted baseline 
plan (NoAd – No adaptation), and differences against the adapted plans, via unrestricted 
replanning (UnRp), time-restricted replanning (TRRp) and dose realignment (DRe). 
Statistically non-significant (NS) for p > 0.05.
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Table A.5.4. Median and interquartile range dose differences between Time-restricted 
replanning (TRRp) vs. Unrestricted replanning (UnRp), and Dose realignment (DRe) vs. 
Unrestricted replanning (UnRp). Statistically non-significant (NS) for p > 0.05.

Structure Parameters No adaptation 
(NoAd)

Plan adaptation

UnRp – 
NoAd ρ TRRp – 

NoAd ρ DRe – 
NoAd ρ

PTV Coverage (%) 93 (84, 98) -0.1 (-1.1, 1.0) NS -0.3 (-2.0, 1.7) NS 0 (0, 0) NS

Dmean (Gy) 44 (43, 45) 0.0 (-0.3, 0.3) NS -0.2 (-0.7, 0.4) NS 0 (0, 0) NS

Dmin (Gy) 29 (27, 30) 0.0 (-1.3, 0.3) NS -0.7 (-2.3, 0.4) .03 0 (0, 0) NS

GTV Coverage (%) 100 (98, 100) 0.0 (-0.2, 0.3) NS 0.0 (-0.0, 0.8) NS 0 (0, 0) NS

Dmean (Gy) 46 (46, 47) 0.1 (-0.3, 0.4) NS -0.3 (-0.8, 0.2) NS 0 (0, 0) NS

Stomach V35 Gy (cc) 0.1 (0.0, 0.2) -0.1 (-0.2, 0.0) <.001 -0.0 (-0.2, 0.0) .002 0 (0, 0) NS

Dmean (Gy) 5 (3, 6) 0.0 (-0.5, 0.3) NS 0.1 (-0.3, 0.8) NS 0 (0, 0) NS

Duode-
num

V35 Gy (cc) 0.0 (0.0, 0.2) 0.0 (-0.2, 0.0) <.001 0.0 (-0.2, 0.0) .002 0 (0, 0) NS

Dmean (Gy) 6 (4, 8) -0.2 (-0.7, 0.0) .004 -0.3 (-1.0, 0.0) .01 0 (0, 0) NS

Bowel V35 Gy (cc) 0 (0, 0) 0 (0, 0) NS 0 (0, 0) .03 0 (0, 0) NS

Dmean (Gy) 1 (1, 3) 0.0 (-0.1, 0.1) NS -0.2 (-0.3, -0.1) <.001 0 (0, 0) NS

Table A.5.5. Median and interquartile range plan parameters for the 28/98 daily plans not 
exceeding dose-constraints after rigidly transferring the unrestricted baseline plan (NoAd 
– No adaptation), and differences against the adapted plans, via unrestricted replanning 
(UnRp), time-restricted replanning (TRRp) and dose realignment (DRe). Statistically non-
significant (NS) for p > 0.05.

Structure Parameters
Plan adaptation

TRRp – UnRp ρ Dre – UnRp ρ 

PTV Coverage (%) -0.6 (-2.7, 1.2) 0.04 -2.5 (-6.7, 0.8) <.001 

Dmean (Gy) -0.2 (-0.6, 0.3) 0.01 -0.2 (-0.8, 0.3) 0.004 

Dmin (Gy) -0.4 (-1.1, 0.3) <.001 -1.1 (-4.1, 0.1) <.001 

GTV Coverage (%) 0.0 (-0.5, 0.5) NS -0.8 (-4.7, 0.1) <.001 

Dmean (Gy) -0.3 (-0.7, 0.2) 0.001 -0.2 (-0.7, 0.3) 0.02 

Stomach V35 Gy (cc) 0 (0, 0) NS 0.1 (0.0, 0.4) <.001 

Dmean (Gy) 0.0 (-0.5, 0.5) NS 0.1 (-0.3, 0.5) NS 

Duodenum V35 Gy (cc) 0 (0, 0) NS 0.3 (0.0, 0.5) <.001 

Dmean (Gy) 0.0 (-0.3, 0.4) NS 0.1 (-0.3, 0.7) 0.04 

Bowel V35 Gy (cc) 0 (0, 0) 0.002 0.0 (0.0, 0.1) <.001 

Dmean (Gy) -0.1 (-0.2, 0.1) 0.01 0.0 (-0.1, 0.1) NS 
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Table A.5.6. Median and interquartile range plan parameters for rigidly transferred 
unrestricted baseline plans (RIGID) on 20 daily scans of 10 patients, and differences between 
recalculated plans (RECALC) vs. rigidly transferred plans. Negligible dose differences on the 
OAR and small dose differences in GTV and PTV coverage were observed between the dose 
calculated based on the patients pCT vs. the daily fraction CT. None of these differences would 
be clinically relevant. Therefore, this appears to be a valid approach for pancreatic patients, 
who do not lose a significant weight during treatment and in which the target is not influenced 
greatly by air bubbles.

Structure Parameters RECALC – RIGID

PTV Coverage (%) 0.5 (0.2, 1.0)

Dmean (Gy) 0.3 (0.2, 0.6)

Dmin (Gy) 0.1 (-0.2, 0.4)

GTV Coverage (%) 0.2 (0.0, 0.3)

Dmean (Gy) 0.3 (0.2, 0.7)

Stomach V35 Gy (cc) 0.0 (0.0, 0.0)

Dmean (Gy) 0.0 (0.0, 0.1)

Duodenum V35 Gy (cc) 0.0 (0.0, 0.1)

Dmean (Gy) 0.1 (0.0, 0.2)

Bowel V35 Gy (cc) 0.0 (0.0, 0.0)

Dmean (Gy) 0.0 (0.0, 0.0)
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Purpose: To determine the dosimetric impact of using unedited autocontours in 

daily plan adaptation of patients with locally advanced pancreatic cancer (LAPC) 

treated with stereotactic body radiotherapy using tumor tracking.  

Materials and Methods: The study included 98 daily CT scans of 35 LAPC patients. 

All scans were manually contoured (MAN), and included the PTV and main organs-

at-risk (OAR): stomach, duodenum and bowel. Precision and MIM deformable image 

registration (DIR) methods followed by contour propagation were used to generate 

autocontour sets on the daily CT scans. Autocontours remained unedited, and 

were compared to MAN on the whole organs and at 3, 1 and 0.5 cm from the PTV. 

Manual and autocontoured OAR were used to generate daily plans using the VOLOTM 

optimizer, and were compared to non-adapted plans. Resulting planned doses were 

compared based on PTV coverage and OAR dose-constraints.

Results: Overall, both algorithms reported a high agreement between unclipped 

MAN and autocontours, but showed worse results when being evaluated on the 

clipped structures at 1 cm and 0.5 cm from the PTV. Replanning with unedited 

autocontours resulted in better OAR sparing than non-adapted plans for 95% and 

84% plans optimized using Precision and MIM autocontours, respectively, and 

obeyed OAR constraints in 64% and 56% of replans. 

Conclusion: For the majority of fractions, manual correction of autocontours could 

be avoided or be limited to the region closest to the PTV. This practice could further 

reduce the overall timings of adaptive radiotherapy workflows for patients with LAPC.
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6.1. Introduction
Adaptive radiotherapy (ART) is a desired paradigm in radiation therapy. Its goal is 

to adjust the treatment plan to the patient anatomy of the day to compensate for 

anatomical changes [96,126]. An online ART workflow has to be time efficient as 

the patient awaits treatment [40,96]. In recent years, efforts have been focused on 

speeding up the ART process through fast treatment plan reoptimization techniques 

and through automatically segmenting anatomical structures in medical images 

[40,43,94,111,127–130]. The latter aims to reduce delineation times, which in ART 

remains a crucial point since contouring has been traditionally performed manually 

by dedicated and trained staff [131].

Carcinomas located close to radiosensitive and mobile organs-at-risk (OAR), 

such as unresectable locally advanced pancreatic cancer (LAPC), are excellent 

candidates for ART [64,94,111,129]. LAPC is a dose-limited tumor type, whose dosage 

is often compromised to protect surrounding organs. To manage this limitation, 

stereotactic body radiotherapy (SBRT) has become a standard of care for LAPC, 

owing to its capability to deliver highly conformal doses with steep dose gradients 

[13,30,66,98,132]. Nonetheless, due to day-to-day OAR mobility, unintended doses 

are received by OAR close to the tumor [15,40]. For that reason, ART is recently being 

explored for LAPC patients using systems such as the MRIdian (ViewRay, Oakwook 

Village, OH) [64,111,112,129,133], the Elekta Unity (Elekta AB, Stockholm, Sweden) 

[43,113,129], or the Ethos (Varian Medical Systems Inc, Palo Alto, CA) [114,134].

In our clinic, LAPC patients are treated on the CyberKnife (CK) (Accuray 

Inc, Sunnyvale, USA) using real-time tracking [38,100]. The CK does not have an 

integrated 3D imaging system, but our institute has a unique CT-on-rails in the 

treatment room that allows daily imaging [36]. Our previous work investigated the 

potential trade-offs of applying different fast and quasi-automated plan adaptation 

methods on the CK [128]. Nonetheless, a major challenge remains in laborious daily 

organ delineation, i.e. contouring. 

Automatic contouring methods may offer a solution and are often based on the 

propagation of contours from the planning (pCT) to the fraction CT (FxCT) through 

deformable image registration (DIR) [40,43,94,126]. The use of automatic algorithms 

not only speed up this task, but could also offer consistency to limit intra- and inter-

observed variations. However, due to poor soft tissue contrast in the abdominal 

area, autosegmented organ contours (i.e. autocontours) generally require further 

manually editing before being used for daily replanning purposes [40,124]. Within 

an ART framework, manual delineation is one of the most time-consuming steps, 
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but is thought to be essential to guarantee the quality of the adapted treatment plan. 

The time required for delineation delays the start of radiation delivery, and allows 

for additional intra-fraction OAR motion to occur, which can devaluate further the 

adapted plan. For this reason, in this study we have explored if manual editing of 

daily contours can be avoided while replanning. We have investigated the impact 

of using unedited autocontours generated with two commercially DIR algorithms 

available in PrecisionTP (Accuray Inc, Sunnyvale, USA) and in MIM (MIM Software 

Inc, Cleveland, USA). The value of replanning directly on unedited autocontours has 

been established by: (a) comparing resulting plans to replans obtained using manual 

contours in the optimization, and (b) comparing them to conventional non-adapted 

SBRT plans. In addition, we also quantified the geometric accuracy of both DIR 

algorithms, especially close to the target volume.

6.2. Materials and Methods

Patient data

A total of 35 patients with pancreatic cancer were included in this study. All patients 

were diagnosed with inoperable nonmetastatic LAPC, and presented a stable disease 

after receiving 8 cycles of chemotherapy (FOLFIRINOX). They received subsequent 

hypofractionated SBRT treatment of 40 Gy in 5 fractions, prescribed to the 80% 

isodose line. Patients gave informed consent to be included in the LAPC-1 Phase II 

study, which was approved by the Institutional Review Board (ID: NL49643.078.14) 

in accordance with the recommendations of the Declaration of Helsinki.

The study protocol indicated that each patient received a planning CT (pCT) and 

3 contrast-enhanced in-room daily scans under instructed end-expiration breath-hold 

prior to treatment delivery (FxCT). All scans were acquired after manually injecting 

intravenous contrast agent, and by immobilizing patients using a vacuum bag on the 

treatment couch. Patients were recommended to avoid food and drink intake 2 h 

before the treatment fraction. In total, 98 FxCT were collected in this cohort, since 

only 2 daily CTs were available for 7 out of 35 patients.

The pCTs were delineated by a radiation oncologist (with 10+ years of experience) 

following the RTOG guidelines on the abdominal region [58]. The gross tumor volume 

(GTV) was expanded by 5 mm to generate the clinical target volume (CTV), which 

was subsequently expanded by 2 mm to create the planning target volume (PTV). 

Additionally, the main organs-at-risk (stomach, duodenum, bowel, kidneys and liver) 

were also manually contoured. 
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Patients were treated using the CyberKnife M6 system with synchrony respiratory 

motion tracking on pre-implanted gold fiducial markers [38,100,120]. Each patient 

had a median of 3 fiducials in or around the pancreatic tumor. The clinical protocol 

stated that 95% of the PTV should receive 95% of the prescribed dose (i.e. 40 Gy/5 fx), 

although PTV underdosage was allowed to fulfill OAR constraints. The stomach, 

duodenum and bowel had a near-maximum dose constraint of V35 Gy < 0.5 cc. For 

the liver, dose-constraint was V20 Gy < 700 cc, for the kidneys, mean dose < 15 Gy 

and V15 Gy < 30%, and for the spinal cord, max dose allowed was < 27.5 Gy.

Delineations on the daily scans

Baseline of manual contour set
FxCTs were delineated by the same radiation oncologist that delineated the pCT 

scans. The GTV and PTV were rigidly transferred to FxCTs after applying a fiducial 

pre-match. Additional details regarding OAR delineations can be seen in [102].

Autocontour sets
Contours from the pCT were propagated to FxCTs using the deformable image 

registration (DIR) algorithm available in both PrecisionTP (version 2.0.1.1) and 

MIM (version 6.9.3). A summary of each DIR method is available in Appendix A.6: 

Autocontouring methods, as well as the procedure followed for parameter selection 

in MIM DIR. Whereas MIM DIR settings could be tuned to optimize the resulting 

contours for our dataset, Precision DIR settings are fixed and cannot be modified. 

The autocontours (AUTO) obtained using Precision DIR (asPREC) and MIM DIR 

(asMIM) remained unedited.

Contour sets geometrical comparison

Both autocontours sets (asPREC and asMIM) were geometrically compared to MAN 

through the Dice coefficient (DC) (which describes the overlapping ratio between two 

volumes), mean surface distance (MSD), Hausdorff distance (HD) (which describes 

the maximum distance between two contour surfaces) and volumetric difference 

(VOL_DIFF) between the automatic vs. manual contours. These 4 accuracy metrics 

complement each other by giving an indication of the volumetric error and the 

distance between the structures boundaries, as recommended in Sharp et al. [126] and 

AAPM TG-132 [135]. All metrics were collected using an in-house algorithm. Most 

of these metrics present a skewed distribution, and hence, median and interquartile 

range (IQR) parameters describing the data spread between quartile 1 (Q1) and 3 (Q3)  
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Figure 6.1. Example patient FxCT scan with the different structure sets and dose distribution 
used for the dosimetric evaluation. A: Replanned dose optimized using manual contours 
(ground truth). B: Non-adapted dose with planning anatomy rigidly transferred from the 
pCT (solid lines). C: Replanned dose optimized using contours obtained with Precision DIR 
(solid lines). D: Replanned dose using contours from MIM DIR (solid lines). For B, C, and D, 
manual contours are also overlaid (dashed white lines).

(i.e. the 25% and 75% percentiles in which the distribution lies) were collected for the 

subsequent comparison analysis.

MAN, asPREC and asMIM stomach, duodenum and bowel structures (the closest 

OAR to the target and mostly located within the high dose region) were clipped at 3, 

1 and 0.5 cm from the PTV for geometrical comparison [94,127,128]. The resulting 

asPREC and asMIM clipped organs were compared to MAN clipped structures by 

means of DC, MSD, HD and VOL_DIFF metrics.

Since the three gastrointestinal (GIO) organs (i.e. stomach, duodenum and bowel) 

have the same dose-constraints in the clinical protocol, a structure combining the 

three was created at each different scenario (whole and clipped GIO at 3, 1 and 

0.5 cm). GIO structures were also compared using DC, MSD, HD and VOL_DIFF. No 

recommendations on a combined GIO structure are included in the clinical protocol. 

The GIO structure was only created to evaluate the geometrical similarity of the 

combined organs, while minimizing the effect of registration errors in the transition 

between organs (e.g. stomach to duodenum).

The minimum distance (MIN_DIST) from GTV and PTV to OARs and the 

overlapping volume (OVLP) of the expanded PTV (with 0.5 and 1 cm) with the OAR 

was also retrieved for MAN, asPREC and asMIM. 

Replanning on MAN, asPREC and asMIM contours

Treatment plans were optimized using the VOLOTM optimizer in PrecisionTP (v2.0.1.1). 

As detailed in [128], a fast patient-specific template was generated including all 

Replan using MAN 
(MAN_Rp)

[Ground truth]

Replan using asPREC
(asPREC_Rp)

Replan using asMIM
(asMIM_Rp)

Non-adapted plan 
(NoAd)

[Rigidly transferred from pCT]

Daily CT
DB CA LEGEND:

Contour:

GTV / PTV
Stomach
Duodenum
Bowel

Dose:
V30 Gy
V35 Gy
V40 Gy
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clinically optimal cost functions used in the pCT. These fast templates reproduced 

the delivered clinical plans while using a reduced number of nodes and OAR clipped 

at 3 cm from the PTV. These parameter combinations significantly reduced plan 

optimization times [128].

The patient-specific templates were used to perform an automated full inverse 

planning on the pCT. These planning doses were rigidly transferred to FxCTs to 

evaluate non-adapted (NoAd) doses. We transferred the dose to the FxCT rather 

than recalculating it as in our previous work [128] we saw clinically irrelevant dose 

differences in the OAR and in the target volumes when comparing transferred and 

recalculated plans. Next, the template was used to perform a new automated full 

inverse planning on the FxCT to generate adapted plans using the clipped MAN, 

asPREC and asMIM at 3 cm. The resulting adapted plans are referenced hereafter as 

MAN_Rp, asPREC_Rp and asMIM_Rp, respectively. Figure 6.1 shows an example 

patient with the 4 planned doses that were created and evaluated on the FxCT scan, 

as well as the contours used to optimize each different plan.

Dosimetric plan comparison

The four resulting doses in the FxCT scans (NoAd, MAN_Rp, asPREC_Rp and 

asMIM_Rp) were compared based on coverage, mean and minimum doses of the 

GTV and PTV, and near-maximum dose constraints (V35 < 0.5 cc) and mean doses 

of the OAR. All four doses were evaluated on the daily MAN contours during the 

subsequent dosimetric analysis although plan optimization had been done using the 

planning contours (as in NoAd) or autocontours (as in asPREC_Rp and asMIM_Rp). 

Median and interquartile range (IQR) of these parameters were abstracted, and were 

compared using a two-sided Wilcoxon signed rank test, with a statistically significance 

defined by a p-value of < 0.05.

The following plan comparisons were performed. Firstly, replanned doses (MAN_

Rp, asPREC_Rp and asMIM_Rp) were compared to non-adapted doses (NoAd) to 

determine the value of daily plan adaptation with respect to conventional planning. 

Secondly, replanned doses optimized using unedited autosegmented contours 

(asPREC_Rp and asMIM_Rp) were compared to replanned doses optimized using 

MAN, to determine the impact of inaccuracies in organ delineation on the replans. 

To determine if autocontouring inaccuracies could be correlated with OAR 

constraints violations after replanning, the volumetric differences of auto vs. manual 

contours (i.e. VOL_DIFF) were compared between the fractions exceeding and the 

fractions not exceeding dose-constraints after replanning. VOL_DIFF was compared 
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within different isotropic rings sets at different distances from the PTV: 0-1 vs. 1-3 cm, 

0-1.5 vs. 1.5-3 cm, and 0-2 vs. 2-3 cm. A Mann-Whitney test was performed to assess the 

differences between rings results. Statistical significance was set by a p-value < 0.05. 

6.3. Results

Contour sets geometrical comparison
MAN, asPREC and asMIM contours were compared by means of DC, MSD, HD and 

VOL_DIFF on the whole (Table B.6.1) and clipped OAR (Figure 6.2, Table B.6.2), and 

by means of MIN_DIST and OVLP between target and OAR volumes (Table 6.1). 

When evaluating the structures as a whole (Table B.6.1), both algorithms reported 

high agreements between AUTO and MAN structures. A median (IQR: Q1, Q3) DC of 

0.9 (0.9, 0.9), MSD of 2 (2, 3) mm, HD of 18 (15, 23) mm and VOL_DIFF of -1 (-16, 

12) cc was observed for the combined GIO for asPREC, and a median DC of 0.9 (0.8, 

0.9), MSD of 2 (2, 3) mm, HD of 19 (16, 23) mm and VOL_DIFF of 13 (-6, 27) cc for 

asMIM. The liver and kidneys were the organs reporting best results in both methods, 

and the bowel the worst, followed by the stomach and the duodenum.

When evaluating the clipped OAR at different distances from the PTV (Figure 6.2, 

Table B.6.2), only the stomach, duodenum, bowel, and the combined GIO structure 

were considered. AUTO bowel contours were the structures showing less agreement 

with MAN bowels, followed by the duodenum and finally the stomach. Bowel contours 

reported the lowest DC, and larger MSD, HD and VOL_DIFF. The GIO structure 

generally outperformed individual organ measurements. 

The DC in the 4 structures (i.e. stomach, duodenum, bowel and GIO) decreased 

closer to the PTV. Depending on the structure and method, DC ranged from 0.7 to 

0.9 at 3 cm, and reduced to 0.5 to 0.8 at 0.5 cm distance from the PTV. The MSD 

showed little change at the 3 distances from the PTV, oscillating between 1 to 2 mm 

depending on the structure. The HD decreased for all structures when evaluated at 

3 and 1 cm away of the PTV, reducing from a median of 18 to 13 mm in the GIO, but 

remained similar between 1 and 0.5 cm. Finally, the VOL_DIFF of AUTO vs. MAN 

reported similar volumes between MAN and asPREC. Conversely, asMIM showed 

positive differences compared to MAN ranging from 17 to 2 cc between 3 to 0.5 cm. 

Generally, asPREC reported higher agreement with MAN than asMIM. As 

observed in Figure 6.2 and Table B.6.2, stomachs and bowels segmented with MIM 

were overestimated (i.e., positive VOL_DIFF), whereas with Precision both organs 

were slightly underestimated (i.e. negative VOL_DIFF). Both algorithms slightly
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Figure 6.2. Boxplots showing the differences between Dice coefficient (DC) [top left], mean 
surface distance (MSD) [top right], volumetric difference between auto vs. manual contours (VOL_
DIFF) [bottom left] and Hausdorff distance (HD) [bottom right] for structures autosegmented 
with Precision (asPREC in blue) and MIM (asMIM in orange). Each column of each subfigure 
distinguishes the boxplots on each structure (stomach, duodenum, bowel and GIO) and for each 
organ, distributions are separated for the clipped structures at 3, 1 and 0.5 cm from the PTV.

underestimated the duodenum. Similar tendencies are observed in Table 6.1 in 

which asMIM reported smaller MIN_DIST to both GTV and PTV compared to MAN 

and asPREC, and also reported higher OVLP with the expanded PTV structure with 

autosegmented OAR.

Dosimetric comparison after replanning

Table 6.2 summarizes the dosimetric measurements performed in the non-adapted 

and adapted plans according to the different daily contours. After evaluating planned 

doses (NoAd) on MAN, 71% (70/98) of the plans resulted in OAR dose-constraint 

violations. 
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Metric Method Stomach Duodenum Bowel

MAN 2.1 (-0.3, 6.9) -0.3 (-0.8, 4.3) 9.4 (3.4, 15.0)

MIN_DIST asPREC 2.3 (-0.6, 7.1) 0.0 (-1.7, 5.4) 9.7 (3.1, 20.8)

GTV – OAR [mm] asMIM 1.2 (-1.5, 6.4) -0.2 (-2.2, 4.6) 8.5 (0.5, 16.9)

(asPREC – MAN) -0.3 (-1.3, 1.3) -0.5 (-1.4, 1.2) 0.4 (-1.5, 4.0)

(asMIM – MAN) -0.9 (-2.9, 0.4) -0.9 (-2.1, 0.4) -0.8 (-3.2, 2.0)

MAN -4.2 (-6.5, 0.4) -6.4 (-7.4, -1.5) 3.1 (-2.6, 8.8)

MIN_DIST asPREC -4.0 (-6.9, 1.1) -6.0 (-8.1, -1.0) 3.3 (-2.4, 14.2)

PTV – OAR [mm] asMIM -5.1 (-7.9, -0.1) -6.5 (-8.6, -1.8) 2.3 (-5.5, 10.8)

(asPREC – MAN) -0.1 (-1.2, 1.3) -0.4 (-1.2, 1.2) 0.6 (-1.3, 3.6)

(asMIM – MAN) -0.8 (-3.1, 0.6) -0.8 (-2.2, 0.4) -0.6 (-3.3, 1.9)

MAN 3.4 (0.6, 8.2) 5.8 (1.5, 14.6) 0.0 (0.0, 1.6)

OVLP asPREC 3.0 (0.5, 9.1) 5.6 (1.2, 16.5) 0.0 (0.0, 1.9)

PTV_0.5cm - OAR [cc] asMIM 4.3 (0.8, 12.1) 6.6 (1.8, 17.3) 0.3 (0.0, 3.4)

(asPREC – MAN) 0.0 (-0.4, 0.8) 0.0 (-1.2, 0.9) 0.0 (-0.4, 0.2)

(asMIM – MAN) 0.2 (-0.3, 2.7) 0.0 (-0.9, 1.5) 0.0 (0.0, 1.4)

MAN 9.5 (4.2, 18.7) 13.3 (4.4, 27.7) 1.7 (0.0, 6.7)

OVLP asPREC 9.2 (2.9, 19.2) 12.2 (4.7, 29.6) 2.4 (0.0, 8.1)

PTV_1cm - OAR [cc] asMIM 10.1 (4.4, 23.9) 13.4 (5.4, 29.7) 2.8 (0.0, 11.9)

(asPREC – MAN) 0.0 (-1.0, 1.5) -0.4 (-2.1, 1.5) 0.0 (-1.2, 1.7)

(asMIM – MAN) 0.3 (-0.5, 3.8) 0.0 (-1.8, 1.9) 0.2 (-0.1, 4.4)

Table 6.1. Median and interquartile range (Q1, Q3) of the minimum distance (MIN_DIST) 
from GTV and PTV to OARs (stomach, duodenum and bowel), and the overlapping volume 
(OVLP) of the expanded PTV (at 0.5 and 1 cm) and OAR. Results are presented for both manual 
(MAN), and autosegmented contours using Precision (asPREC) and MIM (asMIM), as well as 
the difference between auto and manual contours.

Replanning based on MAN, asPREC and asMIM using a patient template resulted 

in plans satisfying OAR constraints (evaluated using MAN) for 93% (91/98), 64% 

(63/98) and 56% (55/98) of the fractions. Nonetheless, the V35Gy in unedited AUTO 

OARs was significantly lower in all organs compared to non-adapted plans for both 

asPREC and asMIM. Compared to NoAd plans, replanned doses on daily adapted 

contours (MAN, asPREC or asMIM) improved V35Gy in all OAR for 100% (98/98), 

95% (93/98) and 84% (82/98) of the fractions. Using asPREC, the 5 fractions 

performing worse than NoAd occurred in 4 patients. Similarly, using asMIM, the 16 

fractions performing worse than NoAD occurred in 14 patients. Median PTV coverage 

reduced by 2%, 2.7% and 5.1% compared to NoAD plans after replanning with MAN, 

asPREC and asMIM, respectively. 
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Structure Parameters No adaptation 
(NoAd)

Replanning

MAN_Rp 
– NoAd ρ asPREC_Rp 

– NoAd ρ asMIM_
Rp – NoAd ρ

PTV Coverage (%) 83.8 
(78.0, 90.7)

-2.0 
(-4.6, 0.1)

<.001 -2.7 
(-4.5, -0.6)

<.001 -5.1 
(-8.4, -2.6)

<.001

Dmean (Gy) 43.1 
(42.2, 44.1)

-0.5 
(-1.0, 0.0)

<.001 -0.3 
(-0.7, 0.0)

<.001 -0.7 
(-1.2, -0.1)

<.001

Dmin (Gy) 26.7 
(25.5, 28.2)

-0.5 
(-1.6, 0.3)

<.001 -0.7 
(-1.4, 0.1)

<.001 -0.5 
(-1.5, 0.2)

<.001

GTV Coverage (%) 95.7 
(91.1, 99.0)

-0.1 
(-2.1, 0.6)

0.02 -0.4 
(-1.9, 0.1)

<.001 -1.6 
(-5.2, 0.0)

<.001

Dmean (Gy) 45.8 
(45.0, 46.5)

-0.5 
(-1.0, 0.0)

<.001 -0.1 
(-0.7, 0.2)

<.001 -0.5 
(-1.2, 0.1)

<.001

Stomach V35 Gy (cc) 0.2 
(0.0, 0.8)

-0.2 
(-0.8, 0.0)

<.001 -0.1 
(-0.7, 0.0)

<.001 -0.1 
(-0.4, 0.0)

<.001

Dmean (Gy) 5.4 
(3.3, 7.4)

-0.1 
(-0.5, 0.5)

NS -0.0 
(-0.5, 0.5)

NS -0.1 
(-0.5, 0.4)

NS

Duodenum V35 Gy (cc) 0.5 
(0.1, 1.2)

-0.4 
(-1.0, 0.0)

<.001 -0.2 
(-0.7, 0.0)

<.001 -0.2 
(-0.5, 0.0)

<.001

Dmean (Gy) 9.7 
(5.7, 12.7)

-0.3 
(-1.1, 0.3)

<.001 -0.4 
(-1.0, -0.1)

<.001 -0.4 
(-0.9, 0.1)

<.001

Bowel V35 Gy (cc) 0.0 
(0.0, 0.3)

0.0 
(-0.3, 0.0)

<.001 0.0 
(-0.1, 0.0)

<.001 0.0 
(-0.1, 0.0)

<.001

Dmean (Gy) 1.9 
(1.3, 2.6)

-0.1 
(-0.3, 0.1)

<.001 -0.2 
(-0.3, 0.0)

<.001 -0.2 
(-0.3, 0.0)

<.001

Table 6.2. Median and interquartile range (Q1, Q3) plan parameters of the replanned doses 
based on manual (MAN), and autosegmented contours using Precision (asPREC) and MIM 
(asMIM) vs. non-adapted planned doses (NoAd). Statistically not significant (NS) for p > 0.05.

Table 6.3 summarizes the differences between replanning using MAN vs. 

replanning using AUTO. V35Gy is significantly higher for the stomach and duodenum 

in plans based on autocontours compared to those based on MAN contours. This effect 

does not occur in the case of the bowel. Table 6.3 also shows that the PTV coverage 

decreased when using AUTO. This result was not significant when replanning using 

asPREC, but was significant when using asMIM. 

Figure 6.3 shows the dosimetric parameters of adapted plans based on MAN, 

asPREC or asMIM vs. non-adapted plans. Dots located under the unity line (in 

diagonal) represent the dose distributions that improved compared to non-adapted 

plans. Similarly, dots located under the horizontal dashed red line at 0.5 cc on the 

y-axis represent the amount of adapted dose distributions that fulfilled the dose-

constraints after adapting the plans using the three different contours sets. Figure 6.3 

visually presents the results from Table 6.2 and Table 6.3: most plans fulfill the dose-

constraints for the three organs after replanning at the cost of PTV coverage. 
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Structure Parameters
Replanning

MAN_Rp asPREC_Rp – 
MAN_Rp ρ asMIM_Rp – 

MAN_Rp ρ

PTV Coverage (%) 82.5 (75.1, 88.7) -0.5 (-3.5, 1.6) NS -2.7 (-7.4, 0.2) <.001

Dmean (Gy) 42.5 (41.5, 43.7) 0.0 (-0.3, 0.6) NS -0.2 (-1.0, 0.4) 0.04

Dmin (Gy) 26.4 (24.6, 28.0) 0.0 (-0.8, 0.8) NS 0.0 (-1.1, 1.0) NS

GTV Coverage (%) 95.6 (90.7, 98.9) -0.1 (-1.9, 1.1) NS -1.6 (-4.0, 0.0) <.001

Dmean (Gy) 45.3 (44.2, 46.1) 0.3 (-0.2, 0.9) .001 0.0 (-0.8, 0.6) NS

Stomach V35 Gy (cc) 0.0 (0.0, 0.0) 0.0 (0.0, 0.1) <.001 0.0 (0.0, 0.3) <.001

Dmean (Gy) 5.2 (3.2, 7.5) 0.0 (-0.3, 0.4) NS 0.0 (-0.4, 0.5) NS

Duodenum V35 Gy (cc) 0.0 (0.0, 0.0) 0.1 (0.0, 0.4) <.001 0.0 (0.0, 0.4) <.001

Dmean (Gy) 9.5 (4.9, 12.1) -0.2 (-0.6, 0.2) .02 -0.1 (-0.4, 0.3) NS

Bowel V35 Gy (cc) 0.0 (0.0, 0.0) 0.0 (0.0, 0.0) NS 0.0 (0.0, 0.0) NS

Dmean (Gy) 1.8 (1.0, 2.6) 0.0 (-0.1, 0.1) NS 0.0 (-0.2, 0.1) .01

Table 6.3. Median and interquartile range (Q1, Q3) plan parameters of the replanned doses 
based on autosegmented contours using Precision (asPREC) and MIM (asMIM) vs. replanned 
doses based on manual contours (MAN). Statistically not significant (NS) for p > 0.05.

The correlation between autocontontour geometrical errors (assessed using VOL_

DIFF of AUTO vs. MAN contours) and OAR violations (i.e. V35 Gy > 0.5 cc) were 

reported to be significant on all OAR within the ring of 0 to 1.5 cm from the PTV and 

not significant within the ring from 1.5 to 3 cm (Table 6.4). Other ring combinations 

results can be found in Appendix B.6 (Table B.6.3), but reported similar tendencies to 

Table 6.4. In short, large OAR autosegmentation inaccuracies (i.e., showing negative 

VOL_DIFF) occurring close to the PTV, appeared to be correlated with OAR violations 

after replanning. This correlation disappeared for large geometrical differences 

occurring at larger distances (i.e. within 1.5–3 cm ring from the PTV). Table 6.4 and 

Table B.6.3 suggest that recontouring efforts should primarily be addressed to OAR 

volumes close to the PTV as this effort already solves most dose-constraint violations 

when replanning while minimizing the editing time involved.

6.4. Discussion
Treatments using ART, especially online adaptive replanning, heavily rely on auto-

segmentation for a speedy and efficient workflow. However, current autosegmentation 

methods generally lack accuracy in the abdominal region and need to be followed by 

time and labor-intensive manual contour correction. In this study, we have quantified
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Structure Method Distance to PTV
VOL_DIFF (AUTO – MAN) [cc]

Do not violate 
(V35 < 0.5 cc)

Violate 
(V35 > 0.5 cc) ρ

Stomach asPREC Ring 0 – 1.5 cm 0.3 (-1.6, 2.0) -10.9 (-13.6, -3.1) .002

Ring 1.5 – 3 cm  -1.9 (-7.2, 2.3) -17.9 (-25.6, 3.4) NS

asMIM Ring 0 – 1.5 cm 1.7 (-0.0, 6.2) -6.2 (-10.2, 1.1) <.001

Ring 1.5 – 3 cm  1.0 (-4.2, 4.6) -1.0 (-11.7, 8.1) NS

Duodenum asPREC Ring 0 – 1.5 cm 0.2 (-2.3, 2.8) -2.9 (-6.1, -1.1) .001

Ring 1.5 – 3 cm  -0.1 (-5.6, 1.7) 0.2 (-2.2, 4.8) NS

asMIM Ring 0 – 1.5 cm 0.5 (-2.2, 2.7) -3.0 (-7.4, 0.5) .007

Ring 1.5 – 3 cm  -0.4 (-7.1, 2.1) 0.3 (-6.7, 2.3) NS

Bowel asPREC Ring 0 – 1.5 cm 0.5 (-1.5, 6.4) -7.8 (-11.9, -4.9) <.001

Ring 1.5 – 3 cm  0.5 (-10.7, 8.2) -6.0 (-10.1, -2.8) NS

asMIM Ring 0 – 1.5 cm 1.0 (-0.8, 12.0) -6.2 (-6.6, -3.4) .017

Ring 1.5 – 3 cm  6.6 (-3.7, 27.9) 2.5 (1.3, 4.5) NS

Table 6.4. Median and interquartile range (Q1, Q3) of the volumetric difference of auto and 
manual contours in fractions violating and non-violating dose-constraints (V35Gy > 0.5 cc) 
in the stomach, duodenum and bowel after replanning using Precision (asPREC) and MIM 
(asMIM) autocontours. Results are presented for the contour evaluated in the ring from 0 to 
1.5 cm from the PTV vs. the ring from 1.5 to 3 cm from the PTV. Statistically not significant 
(NS) for p > 0.05.

autocontouring quality of two commercially available software tools in the upper 

abdomen, and assessed the use of the resulting contours without further editing in 

daily replanning. Replanning with unedited contours resulted in better OAR sparing 

than non-adapted plans in 95% and 84% of plans optimized using Precision and 

MIM autocontours, respectively. For a large proportion of these fractions, resulting 

replanned doses stayed within OAR constraints (64% of plans when using Precision 

DIR, and 56% when using MIM DIR). Although autosegmentation inaccuracies can 

be located all over the OARs, the errors located closer to the PTV structure have the 

largest impact on OAR doses when replanning. These results suggest that manual 

editing of autosegmented OAR can be avoided in many fractions, but if applied, it 

can be limited to the region closest to the PTV to reduce the overall time of the ART 

workflow when treating patients with LAPC. Our research suggests that a cut-off limit 

of 1.5 cm could be sufficient, but an exact cut-off point requires further research and 

will be treatment-protocol dependent.
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Figure 6.3. Pair-point comparison of OAR V35Gy parameter of non-adapted vs. adapted 
plans using manual and autosegmented contours with Precision (asPREC) and MIM (asMIM) 
on the stomach (A), duodenum (B), and bowel (C). Dashed lines depict OAR dose-constraints 
(V35Gy < 0.5 cc). In D, PTV coverage boxplot comparison of non-adapted (NoAd – red) vs. 
replanned doses: MAN_Rp (green), asPREC_Rp (blue) and asMIM_Rp (orange).

A similar study was recently published using unedited contours for daily online 

ART in prostate patients using the Ethos system [136]. In this study, the authors 

evaluated the gain of adapted plans with unedited contours vs. non-adapted plans. 

They report that 96% of their fractions would have required manual editing of the 

generated contours, but that 100% of the fractions achieved higher CTV coverage 

based on autocontours than using non-adapted plans. Similar to our work, the 

authors show that autocontouring methods are still inaccurate and require manual 

A B

C D
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editing, but they also show that replanning on unedited contours is already beneficial 

compared to treating patient with non-adapted plans.

The added value of our work is that we also evaluated the dosimetric differences 

between adapted plans using manually corrected contours vs. using autocontours, 

hence, we also measured the potential gain in plan quality if autocontours are edited 

before replanning. 

Regarding the geometrical analysis performed in our data, as expected, there were 

differences between manual and autocontours in the low and high dose region (within 

3 cm from the PTV). Dice coefficient degraded when getting closer to the PTV. This is 

in part a natural expectation from this metric, as reports the overlapping ratio between 

2 structures. The smaller the evaluated volumes, the more impact segmentation 

inaccuracies have. The Hausdorff distance measurement, reporting the maximum 

distance between 2 volumes, remains constant at different distances from the PTV, 

what reassures that there are relevant inaccuracies occurring close to the tumor.

Generally, contours propagated by Precision DIR showed a slightly higher 

agreement with manual contours than with MIM DIR, which tended to overestimate 

OARs (Figure 6.2, Table B.6.2), and get closer to the tumor (Table 6.1). Consequently, 

asMIM_Rp dose distributions more often exceeded dose-constraints and lost more 

PTV coverage than asPREC_Rp. This difference between autocontour quality might 

be because Precision DIR optimizes the deformation vector field using localized 

patches within the image instead of the global image as done by MIM DIR [137–139] 

(see Appendix A.6). 

Daily recontouring has traditionally relied on intra-patient contour propagation 

(as in this study) or atlas-based methods also using DIR [40,126]. Alternative 

autosegmentation methods are described in the literature, including artificial 

intelligence (AI). AI-based methods have shown improved accuracy and efficiency 

compared to traditional methods while being computationally very fast [140,141]. 

Several studies have shown improvements in different treatment sites (e.g. head-

and-neck [142–144], prostate [143,145], rectum [146], whole body [147]). However, 

abdominal organs present additional challenges including strong interpatient 

variability, bowel loop displacements and hollow organs, which causes AI studies 

still report similar results to those achieved in our current study [130,148–150]. 

Additionally, all studies focus on reporting autosegmentation accuracy on whole 

organ structures, whereas our results suggest mainly the accuracy close to the target 

influences plan quality.
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Regarding replanning, manually corrected contours achieved the best results in 

OAR sparing compared to non-adapted plans (100% FxCT). However, replanning 

directly on unedited structures also improved OAR sparing for the large majority 

of fractions: 95% (93/98 FxCT) for Precision, and 84% (82/98 FxCT) for MIM. The 

corresponding 5 and 16 fractions in which plans based on autocontours increased 

OAR dose compared to non-adapted plans belonged to 4 and 14 patients, respectively. 

When looking further into the cases in which this phenomenon occurred (see two 

example cases in Figure B.6.1), we noticed that manual contours were closer to 

the PTV than autosegmented contours, resulting in large inaccuracies close to the 

PTV for AUTO. Replanning on the autosegmented contours results in large dose 

violations, as the manual contours lie in the high dose area. Nonetheless, this poses a 

relatively small dosimetric risk for the patient especially taking into account that we 

analyzed single fractions rather than the total treatment dose, in which the effect of 

dose violations occurring in one single fraction, as in the case for the majority of our 

reported violations, is likely to be reduced.

Although OAR dose decreased when using unedited contours, the number of 

fractions obeying OAR constraints reduced compared to plans based on corrected 

contours. Also, PTV coverage generally decreased in fractions needing replanning. 

This similarly occurred when using MAN or asPREC, and slightly more often when 

using asMIM. Mostly, this was explained due to daily OAR moving closer to the high 

dose region or an increased OAR overlap with the PTV. 

Our proposed implementation of ART is based on CT images and uses commercially 

available software. Although we are still in process of clinically implementing 

online adaptive replanning, we have performed end-to-end tests to mimic a clinical 

workflow. A complete adaptive procedure can be completed within 45 min, excluding 

treatment delivery, with room for improvement in delineation time. Similar to other 

publications, depending on the treatment site, editing of the contours on the FxCT 

(even when limited to a distance of 3 cm from the PTV) can take up a considerable 

amount of time in the entire procedure (around 10 min [94,124,134,151]). The time 

of our total procedure is, however, in line with procedures performed on the MR-

Linac [64,124,129], but is considerably longer than an online workflow on the Ethos 

system [114,134]. An inherent advantage of CyberKnife treatments is the excellent 

intra-fraction, both respiratory and non-respiratory, motion tracking. Currently, this 

is lacking in the MR-Unity and Ethos systems leading to a possible increase in target 

size. The MRIdian is compensating for intra-fraction respiratory motion by means of 

gating. 
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Another limitation of our work is that we have a relatively small cohort group 

for this study. A validation involving an independent dataset potentially from other 

institutes should be performed to verify the relevance of our findings in pancreatic 

cancer. Although MR-Linacs and the Ethos systems rely on different imaging 

modalities, we believe our results could be transferred to other systems. For instance, 

similar trends were already observed in the work of Moazzezi et al. about online ART 

using unedited contours in prostate patients using the Ethos system [136]. However, 

the complexity of the procedure might increase as the amount of elements involved 

also increases, e.g. generating correct Hounsfield Units. 

Finally, intrafraction OAR motion has not been accounted for in this study. In 

our clinic, we use Synchrony respiratory motion tracking to mitigate the effect of 

intrafraction motion of the target, of which the accuracy has been reported elsewhere 

[38]. Generally, intrafraction OAR variations while tracking are expected to be 

smaller than interfraction variations. Replans based on unedited contours already 

correct for interfraction OAR variations and generally outperform non-adapted plans 

in this study. We believe intrafraction OAR variations will have a smaller impact on 

the replans.  

In conclusion, autosegmentation methods applying contour propagation after DIR 

in the abdominal region result in contours requiring manual correction. However, 

replanning on the unedited daily contours generally resulted in higher organ sparing 

than treating with a conventional SBRT scheme. In the majority of fractions, it even 

resulted in plans obeying the tight OAR dose constraints of our clinical protocol. In 

a large number of fractions, manual editing of automatic contours could, therefore, 

be avoided or at least restricted to contour sections in close proximity to the PTV, 

reducing the time required for online adaptive treatments for pancreatic cancer 

patients.
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Autocontouring methods

A.6.1. Precision contour set on the daily scans

The novel DIR algorithm available in Precision treatment planning system applies 

a non-parametric non-rigid transformation to generate the deformation field. The 

transformation across the whole image is calculated by optimizing the normalized 

correlation coefficient in small patches of voxels using an iterative approach, with the 

patch size decreasing at each iteration. A smoothness operator is applied to regularize 

the deformation field during each iteration. 

Additional details of Precision DIR algorithm can be found in the Accuray DIR 

white paper [139] and Gupta et. al [137].

A.6.2. MIM contour set on the daily scans

The intensity-based deformable registration method available in MIM software 

(version 6.9.3) was used for contour propagation. This is the default DIR algorithm 

to register images of the same modality, as suggested by the manufacturer. The DIR 

method applies a constrained free-form registration, aimed to globally minimize the 

intensity differences between both fixed and moving images. The global deformation 

field is determined using a regularized coarse-to-fine multi-resolution approach on 

a set of control points on the fixed image. These control points are used to find the 

corresponding target volume in the moving image, using a custom modified gradient 

descent optimization strategy. 

Different DIR parameters available in MIM were tested on two scans of 6 patients 

to determine which combination of DIR settings resulted in autosegmented contours 

with closest resemblance to MAN contours. In particular, experiments evaluated 

two different MIM DIR algorithm versions (<MIM 6.6.0 and MIM 6.6.0+); different 

smoothness factors (i.e. 0.1, 0.5, 1.0, 5.0, 10.0) which controls the motion allowed 

to occur within the deformation field; enabled normalization, which scales the 

intensity of one image to the intensity of the other; dynamic regularization, which 

uses the uniformity of the image region to help guiding the registration; and finally, 

density replacement within air bubbles, by masking air and replacing their intensity 

values prior to DIR. To determine the best parameter combination, the resulting 

autosegmented structures were geometrically compared to the corresponding MAN 

through the Dice coefficient (DC), mean surface distance (MSD) and Hausdorff 

distance (HD) metrics.
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The best parameter combination was used to perform DIR and contour propagation 

between FxCT and pCT scans for all patients in the database. The final selected 

parameters were smoothness factor of 0.5 combined with Dynamic regularization as 

decided from the results summarized from Table A.6.1 below. 

Additional details of MIM DIR algorithm can be found in the MIM’s VoxAlign 

Deformation Engine white paper [138].

Experiment

All 6 OAR
(Stomach + Duodenum + Bowel 

+ Liver + Kidneys)

GIO
 (Stomach + Duodenum 

+ Bowel)

DC MSD 
[mm]

HD 
[mm] DC MSD 

[mm]
HD 

[mm]

SF 0.1 0.9 2.3 17.0 0.8 3.1 18.9

SF 0.5 0.9 2.3 16.3 0.8 3.1 18.6

SF 0.5 + Dyn 0.9 2.3 15.9 0.8 3.1 18.0

SF 0.5 + Dyn + AirBub 0.9 2.3 16.3 0.8 3.1 18.6

SF 0.5 + Norm 0.9 2.5 16.5 0.8 3.5 19.5

SF 0.5 + Norm + Dyn 0.9 2.5 16.4 0.8 3.5 19.2

SF 0.5 (< v6.6.0) 0.9 2.5 18.7 0.8 3.3 21.7

SF 1.0 0.9 2.4 16.0 0.8 3.3 18.6

SF 5.0 0.8 3.5 18.3 0.7 4.2 21.9

SF 10.0 0.8 3.9 18.6 0.7 4.6 22.4

Table A.6.1. Mean of the Dice coefficient (DC), mean surface distance (MSD) and Hausdorff 
distance (HD) of the autosegmented set of OAR using different parameter combinations in 
MIM software. Results are abstracted for the 6 OAR altogether (i.e. stomach, duodenum, 
bowel, liver and both kidneys), and the 3 main gastrointestinal OAR (GIO) altogether 
(i.e. stomach, duodenum, bowel). The parameter combination used for the experiments of the 
current study is highlighted in gray.
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Complementary Figures and Tables
  

Figure B.6.1. Two example patients in which adaptive plans were worse than non-adapted 
plans. See autocontours generated with Precision DIR (in blue) and from MIM DIR (in 
orange), which resemble more to the pCT anatomy (in white) rather than the FxCT manual 
contour (in yellow). Due to the inaccuracy of auto-contouring followed by dose optimization 
on the wrong volume, the voxels highlighted (in yellow) lead to a dose-constraint violation 
when evaluating the adapted plans on the ground truth FxCT manual contours.
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Metric Method Stomach Duodenum Bowel Liver Kidney 
right

Kidney 
left

All 
(6 OAR)

DC asPREC 0.9 
(0.8, 0.9)

0.8
(0.7, 0.9)

0.8 
(0.8, 0.9)

1 
(1, 1)

1 
(0.9, 1)

1 
(0.9, 1)

0.9 
(0.9, 0.9)

asMIM 0.9 
(0.8, 0.9)

0.8 
(0.7, 0.8)

0.8 
(0.8, 0.9)

1 
(1, 1)

1 
(0.9, 1)

0.9 
(0.9, 1)

0.9 
(0.8, 0.9)

MSD [mm] asPREC 3 
(2, 4)

2 
(2, 3)

4 
(3, 5)

1 
(1, 2)

1 
(1, 1)

1 
(1, 1)

2 
(2, 3)

asMIM 3 
(2, 4)

3 
(2, 3)

5 
(4, 5)

1 
(1, 2)

1 
(1, 1)

1 
(1, 2)

2 
(2, 3)

HD [mm] asPREC 22 
(16, 28)

16 
(13, 20)

32 
(25, 39)

18 
(13, 23)

11 
(7, 16)

10 
(6, 14)

18 
(15, 23)

asMIM 21 
(15, 28)

17 
(13, 21)

33 
(27, 39)

19 
(14, 25)

11 
(7, 16)

10 
(6, 14)

19 
(16, 23)

VOL_DIFF
(MAN-AUTO) 
[cc]

asPREC -25 
(-79, 5)

-1 
(-9, 7)

-7 
(-93, 99)

21 
(-1, 59)

0 
(-4, 10)

5 
(0, 13)

-1 
(-16, 12)

asMIM -11 
(-43, 19)

-4 
(-14, 5)

88 
(-25, 223)

0 
(-42, 39)

-3 
(-9, 5)

2 
(-5, 10)

13 
(-6, 27)

Table B.6.1. Median and interquartile range (Q1, Q3) of the Dice coefficient (DC), mean 
surface distance (MSD), Hausdorff distance (HD) and volumetric difference (VOL_DIFF) of 
the autosegmented set of the all OAR using Precision (asPREC) and MIM (asMIM) algorithms. 
Results are abstracted for the whole structure of the stomach, duodenum, bowel, liver and both 
kidneys, as well as the overall average among these 6 OARs.
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Metric Distance 
from PTV Method Stomach Duodenum Bowel GIO

3 cm asPREC 0.9 (0.8, 0.9) 0.8 (0.7, 0.9) 0.7 (0.6, 0.8) 0.8 (0.8, 0.9)

asMIM 0.8 (0.7, 0.9) 0.7 (0.7, 0.8) 0.7 (0.5, 0.8) 0.8 (0.8, 0.9)

DC 1 cm asPREC 0.8 (0.7, 0.9) 0.8 (0.7, 0.9) 0.6 (0.4, 0.8) 0.8 (0.8, 0.9)

asMIM 0.8 (0.5, 0.9) 0.8 (0.6, 0.8) 0.6 (0.4, 0.7) 0.8 (0.7, 0.9)

0.5 cm asPREC 0.7 (0.6, 0.8) 0.8 (0.7, 0.9) 0.6 (0.3, 0.8) 0.8 (0.7, 0.9)

asMIM 0.7 (0.5, 0.8) 0.7 (0.6, 0.8) 0.5 (0.2, 0.7) 0.7 (0.6, 0.8)

3 cm asPREC 2 (1, 3) 2 (2, 3) 3 (2, 5) 2 (1, 2)

asMIM 2 (1, 3) 2 (2, 3) 3 (3, 4) 2 (2, 3)

MSD 1 cm asPREC 1 (1, 2) 1 (1, 2) 2 (2, 4) 1 (1, 2)

[mm] asMIM 1 (1, 3) 2 (1, 3) 2 (2, 4) 2 (1, 2)

0.5 cm asPREC 1 (1, 2) 1 (1, 2) 2 (1, 4) 1 (1, 2)

asMIM 1 (1, 3) 2 (1, 2) 2 (1, 5) 2 (1, 3)

3 cm asPREC 13 (9, 21) 14 (11, 18) 25 (19, 36) 17 (14, 21)

asMIM 14 (10, 22) 15 (11, 20) 26 (18, 35) 18 (14, 22)

HD 1 cm asPREC 9 (6, 14) 9 (7, 13) 15 (11, 24) 13 (10, 17)

[mm] asMIM 11 (7, 16) 11 (8, 15) 16 (12, 28) 14 (10, 18)

0.5 cm asPREC 9 (5, 14) 8 (6, 13) 14 (8, 23) 14 (8, 21)

asMIM 10 (6, 18) 11 (7, 15) 15 (10, 25) 15 (11, 21)

3 cm asPREC -1 (-10, 4) -1 (-7, 4) -1 (-13, 10) -3 (-19, 9)

VOL_DIFF asMIM 3 (-5, 11) -2 (-8, 3) 5 (-6, 36) 17 (-1, 38)

(AUTO -MAN) 1 cm asPREC 0 (-1, 2) 0 (-2, 2) 0 (-2, 2) 0 (-4, 3)

[cc] asMIM 1 (-1, 5) 0 (-2, 2) 1 (0, 5) 4 (0, 12)

0.5 cm asPREC 0 (-1, 1) 0 (-1, 1) 0 (-1, 1) 0 (-2, 2)

asMIM 0 (0, 3) 0 (-1, 2) 0 (0, 4) 2 (0, 8)

Table B.6.2. Median and interquartile range (Q1, Q3) of the Dice coefficient (DC), mean 
surface distance (MSD), Hausdorff distance (HD) and volumetric differences of the 
automatic vs. manual contours (VOL_DIFF [AUTO-MAN]). Results are presented for the set 
of autocontours achieved using Precision (asPREC) and MIM (asMIM). Parameters were 
acquired on the stomach, duodenum, bowel and the gastrointestinal structure (GIO), which is 
the combined volume of the three previous OARs.
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VOL_DIFF [cc]
(AUTO – MAN)

VOL_DIFF [cc]
(AUTO – MAN)

Structure Method Distance 
to PTV

Do not 
violate Violate ρ Distance 

to PTV
Do not 
violate Violate ρ

Stomach asPREC Ring 0–1 0 
(0, 1)

-6 
(-8, -2)

.001 Ring 0–2 0 
(-2, 2)

-16 
(-18, -3)

.004

Ring 1–3 -1 
(-8, 2)

-22 
(-30, 3)

NS Ring 2–3 -1 
(-6, 1)

-12 
(-19, 3)

NS

asMIM Ring 0–1 1 
(0, 4)

-5 
(-6, 0)

<.001 Ring 0–2 1 
(0, 8)

-5 
(-14, 2)

.002

Ring 1–3 1 
(-3, 5)

-3 
(-16, 8)

NS Ring 2–3 0 
(-3, 3)

0 
(-7, 6)

NS

Duodenum asPREC Ring 0–1 0 
(-1, 2)

-3 
(-4, 0)

<.001 Ring 0–2 0 
(-3, 2)

-2 
(-7, 0)

.02

Ring 1–3 0 
(-6, 2)

0 
(-4, 4)

NS Ring 2–3 0 
(-3, 1)

0 
(-1, 4)

0.04

asMIM Ring 0–1 0 
(-1, 2)

-2 
(-5, 0)

.002 Ring 0–2 0 
(-3, 3)

-2 
(-9, 0)

.01

Ring 1–3 -1 
(-6, 2)

0 
(-9, 2)

NS Ring 2–3 0 
(-5, 1)

0 
(-3, 2)

NS

Bowel asPREC Ring 0–1 0 
(0, 2)

-5 
(-8, -3)

<.001 Ring 0–2 0 
(-3, 7)

-9 
(-15, -3)

<.001

Ring 1–3 1 
(-10, 12)

-8 
(-12, -4)

.05 Ring 2–3 0 
(-8, 6)

-3 
(-9, 0)

NS

asMIM Ring 0–1 1 
(0, 6)

-4 
(-4, -3)

.02 Ring 0–2 3 
(-2, 19)

-5 
(-6, -2)

.04

Ring 1–3 10 
(-3, 34)

3 
(2, 4)

NS Ring 2–3 4 
(-3, 17)

1 
(-2, 4)

NS

Table B.6.3. Median and interquartile range (Q1, Q3) of the volumetric difference of auto 
and manual contours in fractions exceeding (i.e. V35Gy > 0.5 cc) or not dose-constraints 
(i.e. V35Gy < 0.5cc) in the stomach, duodenum and bowel after replanning using Precision 
(asPREC) and MIM (asMIM) autocontours. Results are presented for the contours evaluated 
in the ring from 0 to 1 (left) or 2 (right) cm from the PTV vs. the ring from 1 (left) or 2 (right) 
to 3 cm from the PTV. Statistically not significant (NS) for p > 0.05.
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Background and Purpose: Stereotactic body radiotherapy (SBRT) has been 

proven to be beneficial for several disease sites in the (lower) abdomen. However, 

the quality of the treatment plan, based on a single planning computed tomography 

(CT), can be compromised due to large inter-fraction motion of the target and organs 

at risk (OARs) in this anatomical region. The aim of this study was to investigate the 

feasibility of online adaptive SBRT treatments on a robotic radiosurgery system and 

to record estimated total treatment times. 

Materials and Methods: For two disease sites, locally advanced pancreatic cancer 

(LAPC) and oligometastatic lymph nodes, four patients with repeat CTs were included 

in the feasibility study. Quick treatment plan templates were generated based on 

the planning CT and validated by running them on the plan and fraction CTs. For 

two cases a dummy run was performed and the individual steps were timed. Dose 

delivery was the largest contributor to the total treatment time, followed by contour 

adaptation.

Results: Running the quick plan templates resulted in similar plans to unrestricted 

plans, obeying the OAR constraints. The dummy runs showed that online adaptive 

treatments were completed in 64 to 83 min for oligometastases and LAPC,  respectively, 

which is comparable to other clinically available solutions. 

Conclusions: This study showed the feasibility of online re-planning for two 

challenging disease sites within a clinically acceptable time frame on a robotic 

radiosurgery system, making use of commercially available elements that are not 

integrated by the vendor. 
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7.1. Introduction
In the past decade, stereotactic body radiotherapy (SBRT) was shown to be beneficial 

for the treatment of primary tumours and oligometastases [30,33,152,153]. SBRT has 

also been employed for targets in the abdomen. It has earned a place in the treatment 

of prostate, liver and pancreatic tumours and is increasingly being used to treat 

abdominal oligometastases. In (upper) abdominal treatment sites, the target and 

the radio-sensitive OARs show both respiratory and large non-respiratory motion, 

leading to a potential loss in treatment plan quality. A robotic radiosurgery system 

is well-equipped to manage both types of motion of target sites using real-time 

respiratory motion tracking. However, the motion of OARs can occur both inter- 

and intra-fractionally, and is less straightforward to handle with the actual delivered 

doses to the OARs likely to be over- or under-estimated compared to the planning 

CT. An additional challenge in abdominal sites is the vicinity of highly radiosensitive 

OARs to the target. As a result, the dose to the target can be compromised to fulfil the 

OAR dose constraints. 

There are several, increasingly complex, techniques to improve the treatment of 

moving targets. However, the availability of techniques to manage moving OARs, 

especially in close proximity to the target, is still limited. Online adaptive radiotherapy 

(ART) with daily plan adaptation is a technique that offers a solution to the inter-

fraction motion of targets and OARs [40,56,64,96,107,127,154,155]. Online ART is 

based on pre-fraction imaging after which the target and OARs are delineated and 

a new plan is generated. Whereas in the past mainly MRI and CT images were used 

for ART, this has started to change as online adaptive treatments based on enhanced 

CBCT images became commercially available.

Currently, the commercially available MRI- and CBCT-guided online ART 

solutions have limited options for intra-fraction motion management including 

compensation for respiratory motion. One of the available MRlinac systems employs 

gating [64,156,157], while a second MRlinac system and the current CBCT-guided 

systems require the use of a larger margin to compensate for respiratory motion of the 

target or the use of abdominal compression to try and minimize this motion [44–47]. 

A combination of a CT scanner and a robotic radiosurgery system can offer a 

combination of intra-fraction motion management and online ART [36]. This offers 

state-of-the-art treatments for both targets and OARs showing inter- and intra-

fraction motion. In previous work, we described a fast and effective way of making 

online adaptive plans [154]. In this paper, we aim to demonstrate the feasibility 
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of clinically implementing an ART SBRT workflow for two challenging treatment 

sites and record the estimated total treatment time. This workflow is currently not 

supported by an integrated clinical product and has been developed by our team 

using commercially available elements. It is a method that could be transferred to 

other treatment sites and clinics. 

7.2. Materials and Methods

Patient characteristics

Two groups of patients with challenging disease sites; inoperable locally advanced 

pancreas carcinoma (LAPC) and lymph node oligometastases, were included in this 

retrospective feasibility study for online adaptive SBRT. For each of these groups, 

four patients previously treated in the Erasmus MC, with multiple fraction CT scans 

were included. A total of 12 and 18 repeat scans was available respectively for LAPC 

and oligometastatic patients for quick plan generation and evaluation. Due to clinical 

limitations, one STEAL patient received only three repeat CT scans. Planning and 

fraction CT scans were acquired on a Sensation Open and a SOMATOM Definition 

AS CT scanner respectively (Siemens Healthcare, Forchheim, Germany). The CT 

voxel size was 0.98 x 0.98 x 1.5 mm3. Patients with LAPC were treated in the LAPC-1 

Phase-II study (ID: NL49643.078.14) and received 40 Gy in five fractions prescribed 

to the 80% isodose line. Patients with lymph node oligometastases in the pelvis 

and abdomen were treated in the STEAL study (ID: NL58442.078.17) and received 

45 Gy in five fractions prescribed either to the 80 or 90% isodose line according to 

the study protocol. LAPC patients received a contrast-enhanced CT scan before the 

first three fractions and the patients with oligometastatic lymph nodes received a CT 

scan before each fraction (i.e. five in total). For both groups, pre-fraction CT scans 

were obtained in treatment position using the CT on-rails while the robotic couch 

was moved between its in-room imaging and treatment position [36]. The LAPC and 

STEAL patients were treated on the Cyberknife M6 system (Accuray Inc, Sunnyvale, 

CA, USA) using fiducial tracking with real-time respiratory motion tracking and 

spine intra-fraction tracking, respectively [37]. Patients included in this study have 

previously all given informed consent. The LAPC patients included in this work were 

used in a previous study, and were selected to reflect the range of PTV sizes [15,154].

Offline planning CT delineation and plan generation

All delineations of target and OARs were performed and/or supervised by experienced 
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radiation oncologists. The planning CTs were delineated in Precision (version 3.1), 

the Accuray treatment planning system (TPS). 

For the two groups of patients, treatment plans were generated by radiation 

technologists (RTT) in Precision, based on current clinical protocols. The VOLOTM 

optimizer for the MLC collimator was employed for both sites [115–118]. The planning 

dose constraints can be found in the Appendix A.7 (Table A.7.1). The resulting plans 

were approved by an experienced radiation oncologist. Based on the optimization 

parameters of this clinical plan, a quick-plan template was derived for use in the 

online procedure [154] (Figure 7.1). This quick-plan was dosimetrically equivalent to 

the clinical plan but was further adjusted to reduce the optimization time, including 

full fluence optimization and segmentation. The quick-templates were achieved by 

truncating the OARs structures 2 cm from the PTV for optimization purposes and by 

reducing the sampling of the dose limiting structures, shells, and the target to get a 

total number of optimization points < 50,000 [94,154]. The truncation of the OARs 

was performed for optimization purposes only, and the planned dose was evaluated 

on the complete structures. The shells were used to limit the doses to the surrounding 

tissues. 

Offline quick plan evaluation

To evaluate the efficacy of the patient-specific quick-templates (run after manual 

plan preparation) on the available fraction CT scans, the resulting dose was 

directly evaluated without further human intervention. Relevant DVH parameters 

(Table A.7.2) were extracted and compared to the clinical dose constraints to 

establish if a clinically acceptable plan had been generated. The dose was evaluated 

on the complete OARs. For this purpose, the fraction CTs were delineated in MIM 

(version 6.9) and supervised by an experienced radiation oncologist. 

Dummy runs

For both tumour sites, a dummy run was organized to evaluate the feasibility of an 

online adaptive treatment using the available resources. During these dummy runs, 

the complete clinical team, composed of two RTTs, a radiation oncologist and a 

medical physicist, was present and ran through the procedure with a phantom while 

timing all individual steps. The goal of these dummy runs was to give an indication 

of the time required for each individual step of the online procedure and identify 

bottlenecks and areas of improvement. When possible, steps were performed in 

parallel to minimise the total time.
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Online ART procedure

The online procedure is schematically represented in Figure 7.1. Both online procedures 

entailed the following steps: (1) patient alignment and in-room CT acquisition, 

(2) contour propagation and adaptation, (3) plan preparation, optimization and 

evaluation, (4) patient specific quality assurance (QA) and generation of digitally 

reconstructed radiographs (DRR), and (5) patient tracking set-up and plan delivery. 

To simulate patient set-up and image acquisition, a phantom was positioned on the 

robotic couch in treatment position. Subsequently, the table was moved to the scan 

position and CT images were acquired [36]. To mimic a real patient procedure, a CT 

scan of a patient was used in the dummy runs instead of the acquired phantom scan. 

The scan belonged to a patient for whom a quick-plan template was prepared offline 

and was forwarded for delineation in MIM (version 6.9). For both treatment sites, 

deformable image registration was used to transfer OAR contours from the planning 

CT to the fraction CTs, while the target was copied rigidly. This rigid transformation 

was based on a fiducial match for LAPC and a match on the vertebrae for lymph node 

metastases, to mimic the intra-fraction tracking method. A radiation oncologist edited 

contours within a 3 cm ring from the PTV while in parallel an RTT was preparing the 

treatment plan up to the point that a contour set was required. Subsequently, the 

adapted contours were transferred to the TPS and the prepared quick-plan template 

was run. The radiation oncologist evaluated the plan while the medical physicist 

started patient specific QA. This step ran in parallel with plan DRR generation. The 

final steps of the procedure were patient tracking set-up and plan delivery. Patient-

specific quality assurance was executed in the form of an independent 3D Monte 

Carlo recalculation using SciMoCa (scientific RT) [158].  

7.3. Results
Table 7.1 shows the optimization times and dosimetric parameters of the clinical 

plans and the quick-templates. It shows that the optimization time in a quick 

plan was reduced by a factor of 3.4 and 2.2 for LAPC and lymph nodes metastases 

respectively, without compromising the plan quality. The latter was evaluated by 

comparing the relevant DVH parameters of the unrestricted and the quick plan of all 

available planning CTs. As reported previously, these parameters were similar and 

the small differences mostly insignificant [154]. The largest differences were observed 

in the shapes of the DVH of the OARs, while the mean dose remained similar. Dose 

distributions and the DVH of two cases for each target site are shown in Appendix A.7 

(from Figure A.7.1 to Figure A.7.8). 
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online procedure several steps occur parallel. The respective timings of the individual steps is 
different for the two tumour sites. Patient set-up and 3D imaging was performed once. Contour 
propagation and adaptation was performed one time for both sites. Plan optimization and 
treatment set-up time and delivery are average times over the patients included in this study. 
The DRR generation is a population average for the respective tracking type.

Using the quick templates for plan optimization in the fractions resulted in plans 

that fulfilled the dose constraints in all cases. In several fractions the OARs moved 

closer to the targets and in some cases even overlapped with the PTV. To fulfil the 

OAR constraints in these cases, the PTV coverage was compromised: the average PTV 

coverage was 1.7 vs 2.4% lower for LAPC and lymph nodes, respectively. The coverage 

of the GTV remained more constant with a 1% decrease for LAPC and a 0.2% increase 

for oligometastatic lymph nodes. Table A.7.2 and Table A.7.3 in Appendix A.7 show 

the extracted DVH parameters for the individual patients.
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Figure 7.1 shows the major steps of the dummy runs with their respective timings. 

The total adaptive treatment time was 83 min for LAPC and 64 min for oligometastases. 

Patient set-up and 3D imaging contributed roughly to 10% of the time (8 min for 

both sites). Subsequently, propagating the contours from the planning CT to the 

fraction CTs and manually editing them was responsible for a considerable amount 

of the total treatment time up to 18-32% (i.e. 11 and 27 min for oligometastases and 

LAPC, respectively). This difference was explained by the number of OARs involved: 

for LAPC, three OARs (duodenum, stomach and bowel) required editing; while for 

oligometastases, usually only one critical OAR needed reviewing. In addition, the 

target in LAPC was often larger and more complex to delineate. Plan generation and 

evaluation took 12-13% of the total treatment time (7 and 11 min for oligometastases 

and LAPC, respectively). DRR generation time was highly dependent on the tracking 

method used. For the LAPC patients using fiducial tracking, this accounted for only 

4% (3.5 min) of the total; while for the spine tracking method used for oligo metastatic 

lymph nodes, this increased to 20% (13 min). With 4-5 min, QA occurred in parallel to 

the DRR generation and patient tracking set-up. The largest contributor to a simulated 

online adaptive treatment fraction was patient tracking set-up and treatment delivery 

(33 and 24 min for oligometastases and LAPC, respectively, including 5 min tracking 

set-up), which represented around 40% of the total time. The treatment delivery time 

was obtained by averaging over all patients for the two different treatment sites.

Clinical unrestricted plan Quick plan

Lymph nodes LAPC Lymph nodes LAPC

Offline Optimization Time 
planCT (min:s)

5:10
(1:48-15.06)

14:45
(5:14-30:20)

2:34
(1:14-5:37)

4:22
(3:28-5:09)

Online Optimization Time 
FxCT (min:s) - - 2:42

(1:21-5:39)
3:28

(2:28-4:11)

FxCT plans within all dose 
constraints, 4/4 4/4 18/18 12/12

PTV coverage (%) 93.0 92.8

GTV coverage (%) 98.3 98.6

PTV CI 1.09 1.09

PTV mean (Gy) 45.6 45.5

GTV mean (Gy) 47.1 47.1

Mean dose OARs (Gy) 6.1 6.3

OARs D0.5cc (Gy) 30.2 29.7

Table 7.1. Offline and online average optimization time and range in min, the number of 
plans within dose constraints and relevant DVH parameters for the plan comparison. The 
values of the DVH parameters for the clinical unrestricted and the quick plan are averaged 
over all planCTs.
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7.4. Discussion
This is the first study that describes the development, and tests the feasibility of online 

adaptive SBRT on a robotic radiosurgery system using in-room CT imaging and 

commercially available software elements not integrated by the vendor. The dummy 

runs demonstrated the delivery of online adaptive SBRT in this setting with an in-

room treatment time of 64-83 min, which is about 2.5 times more than a standard 

fraction delivery and comparable to other current online adaptive SBRT techniques 

[45,64,124]. Robotic radiosurgery treatments are inherently longer due to tracking 

and non-coplanar dose delivery. The treatment delivery time increases with target 

size and treatment complexity, from 19 min for lymph nodes (average PTV size 32 cc) 

to 29 min for LAPC (average PTV size 139 cc).

Different aspects in the online procedure can still be optimized. One of the most 

time-consuming steps is the application of deformable image registration and contour 

propagation in the abdomen and pelvis [154,159]. The contours of the DIR algorithms 

remain inaccurate, and laborious editing is required in most cases. Especially in the 

case of LAPC patients, due to the close vicinity of three large OARs and a large and 

complex target, contour editing takes up a considerable amount of time. Even when 

editing was restricted to 3 cm around the target, 20 min was needed for the target 

and OAR contours. Since then, we have tested a strategy that divides the delineations 

to be done in parallel by the RTT (OARs) and the radiation oncologist (target). 

In this way, we could reduce editing to 10 min, similar to other reported times 

[94,124,134,151,155,160]. A selected group of RTTs in our institute has already been 

trained to delineate OARs on planning CTs. They can, therefore, perform this role 

during the online procedure. A recent publication shows that this role differentiation 

is feasible, potentially even for a selected group of target sites [161–163]. In addition, 

technical solutions such as system integration and the use of AI have shown to shorten 

the time required for an online procedure [94,134]. 

In cases with a larger target and or multiple OARs included in the optimization, 

i.e. with a large number of sample points, the standard optimization time can take 

up to 30 min. With the simple measures included in the quick plan, this time was 

greatly reduced. A downside is that during treatment preparation (until we gain 

more experience) two plans are required: a clinical plan and a plan with reduced 

optimization time to assure the plan quality. By reducing the number of optimization 

points, the clinical and quick plan will never be completely identical, and experience 

will have to show if we can omit the clinical plan as it is suggested by the current and 



Discussion

124

7

previous studies. The efficacy of the quick plan template was demonstrated in a larger 

patient cohort for LAPC [154]. 

A limitation to our study is the limited soft-tissue contrast that CT images can offer 

compared to MRI. Oligometastatic lymph nodes and their surrounding OARs are in 

general visible on CT images. These targets are therefore excellent candidates for (CB)

CT-based online adaptive treatments. However, in (CB)CT-based ART for LAPC the 

limited soft-tissue contrast can restrict the visualization of the target. In our institute, 

fiducial markers are implanted in the pancreas to ensure accurate intra-fraction target 

tracking, and therefore, to allow the use of small PTV margins. Intra-fraction motion 

management is at the moment only available for one of the MRlinac systems in the 

form of gating. Hence, treatments on other systems currently require an ITV and or an 

extra PTV margin to compensate for the lack of intra-fraction motion management. 

A major limitation present in our workflow and in most commercial solutions 

is the time patients spend on the treatment table. Especially for the combination of 

(extreme) hypofractionation and highly mobile OARs showing stochastic motion, this 

remains a problem: plan adaptations are already obsolete before they are delivered. 

Publications on intra-fraction motion of OARs remain scarce and are mainly 

restricted to the effect of rectum and bladder filling and peristalsis on intra-fraction 

prostate motion [46,164–166]. Currently, in several institutes a virtual couch shift is 

applied at the end of full plan adaptation, based on a newly acquired 3D image [167]. 

The robotic radiosurgery system inherently offers this solution for target alignment 

correction at the start and throughout treatment delivery. One step further, real-time 

plan adaptation during a treatment fraction is explored as a solution for intra-fraction 

motion [85,97,168]. The effect of the table translation from imaging to the treatment 

position and further intra-fraction anatomical changes cannot be accounted for in our 

current clinical configuration.  

At the moment, the clinical implementation of online ART on a robotic radiosurgery 

system is limited by the time required for the generation of DRRs used during intra-

fraction motion management. For fiducial tracking, this process takes about 3 min 

during which patient specific QA can take place. However, in the case of spine 

tracking, which in our institute is used for the majority of lymph node oligometastases 

as they show little or no respiratory motion, this time increases to 13 min [169]. In 

the scope of a total in-room time that we aim to keep below 60 min, this leads to an 

unacceptable increase. 

With this work, we have shown that it is feasible to deliver online adaptive SBRT 

using re-planning with the robotic radiosurgery system. However, there is currently 
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no integrated software solution. Based on published experiences with dedicated 

systems for adaptive treatments [94,134,170], we expect the workload to decrease, 

the efficiency to increase and the total time required for the procedure to decrease. 

In conclusion, this is the first report on the development of online adaptive SBRT 

using plan re-optimization on a robotic radiosurgery system with an in-room CT on 

rails. A dummy run showed the feasibility of this technique for two challenging disease 

sites (LAPC and lymph node oligometastases) within a clinically acceptable time 

frame, and using commercially available non-integrated components. Therefore, this 

technique can be transferred to other clinics and treatment sites. We are currently 

working on introducing this technique in our clinic for the SBRT treatment of high-

risk prostate cancer.
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Table A.7.1. Dose constraints and prescription isodose line for LAPC and oligo-metastatic 
lymph nodes.

Structure LAPC (40 Gy) Lymph nodes (45 Gy)

PTV 95% > 40 Gy 95% > 45 Gy

Bowel V35 Gy < 0.5 cm3 V35 Gy < 0.5 cm3

Duodenum V35 Gy < 0.5 cm3 V35 Gy < 0.5 cm3

Kidneys V15 Gy < 0.33%

Liver 17.5 Gy < 700 cm3

Skin V35 Gy < 0.5 cm3

Spinal Cord 27.5 Gy < 0.5 cm3

Stomach V35 Gy < 0.5 cm3 V35 Gy < 0.5 cm3

Prescription isodose line 80 % 80 or 90 %
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V35 Gy [cc] Coverage [%] Optimization 
Time [min]Patient Fx Stomach Duodenum Bowel GTV PTV

1 pCT x 0.14 0 96.7 90 01:52

1 pCT Quick x 0 0 96.3 89.4 01:44

1 1 x x x x x x

1 2 x x x x x x

1 3 x 0.05 0 98.3 91.6 02:02

1 4 x 0.04 0 93.6 85.5 02:11

1 5 x 0.03 0 95.1 89.2 02:22

2 pCT x x 0.03 100 99.6 15:06

2 pCT Quick x x 0 100 99.4 05:37

2 1 x x 0.01 100 93.1 05:22

2 2 x x 0 100 92.0 05:26

2 3 x x 0 100 97.5 05:00

2 4 x x 0 100 97.5 04:53

2 5 x x 0 100 99.0 05:39

3 pCT x x 0 100 98.7 01:48

3 pCT Quick x x 0 100 97.2 01:14

3 1 x x 0.03 100 86.2 01:29

3 2 x x 0 100 96.6 01:34

3 3 x x 0 100 98.0 01:47

3 4 x x 0 100 97.1 02:04

3 5 x x 0 100 93.9 01:41

4 pCT x 0 0 100 97.4 01:53

4 pCT Quick x 0 0 100 97.9 01:41

4 1 x 0 0.01 100 86.0 01:34

4 2 x 0 0 100 93.7 01:27

4 3 x 0 0 100 94.7 01:23

4 4 x 0 0 100 97.9 01:28

4 5 x 0 0.01 100 95.6 01:21

Table A.7.2. Summary for oligometastatic lymph nodes of the dosimetric DVH parameters 
and optimization times for the unrestricted and quick optimizations on the planning CT (pCT 
and pCT quick, respectively). The fraction CTs (1 through 5) show results obtained after 
running a quick plan template. Data represented with "x" was unavailable.
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V35 Gy [cc] Coverage [%] Optimization 
Time [min]Patient Fx Stomach Duodenum Bowel GTV CTV PTV

5 pCT 0.07 0.05 0.03 99.8 95.2 91.6 05:14

5 pCT Quick 0.04 0.04 0 99.7 94.5 90.7 03:28

5 1 0.02 0.05 0 99.8 93.3 92.4 03:06

5 2 0 0.01 0 98.9 95.1 91.6 03:05

5 3 0.02 0.06 0.01 99.1 91.5 86.0 02:28

6 pCT 0.02 0.01 0.05 99.6 97.3 95.8 13:01

6 pCT Quick 0 0.01 0 99.5 96.6 94.9 05:09

6 1 0 0.01 0.01 99.1 95.7 93.4 04:02

6 2 0.01 0.02 0 99.0 95.8 93.4 02:55

6 3 0 0 0 99.2 96.6 94.7 04:11

7 pCT 0.15 0.12 0.12 92.7 88.4 85.1 30:20

7 pCT Quick 0.27 0.33 0 93.0 89.2 86.6 04:07

7 1 0.21 0 0 87.9 79.9 73.8 04:02

7 2 0.06 0.09 0 92.4 87.1 85.5 03:26

7 3 0.10 0.18 0 91.6 84.6 82.7 04:04

8 pCT 0.01 0.03 0.09 97.9 92.5 86.5 10:24

8 pCT Quick 0 0.02 0.01 97.8 92.2 86.2 04:45

8 1 0 0.02 0 95.5 92.9 87.3 03:23

8 2 0 0.02 0 97.2 90.7 87.5 03:16

8 3 0 0.03 0.02 97.8 90.9 87.1 03:36

Table A.7.3. Summary for LAPC of the dosimetric DVH parameters and optimization 
times for the unrestricted and quick optimizations on the planning CT (pCT and pCT quick, 
respectively). The fraction CTs (1 through 3) show results obtained after running a quick plan 
template. Data represented with "x" was unavailable.
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Figure A.7.1. Axial (top row) and sagittal views (bottow row) of the dose distribution of the 
unrestricted (left column) and quick plans (right colum) overlaid on the pCT of patient 1 with 
oligometastatic lymph nodes.

Figure A.7.2. Axial (top row) and sagittal views (bottow row) of the dose distribution of the 
unrestricted (left column) and quick plans (right colum) overlaid on the pCT of patient 4 with 
oligometastatic lymph nodes.
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Figure A.7.3. Axial (top row) and sagittal views (bottow row) of the dose distribution of the 
unrestricted (left column) and quick plans (right colum) overlaid on the pCT of patient 5 with 
LAPC. 

Figure A.7.4. Axial (top row) and sagittal views (bottow row) of the dose distribution of the 
unrestricted (left column) and quick plans (right colum) overlaid on the pCT of patient 8 with 
LAPC.



Technical feasibility of online adaptive SBRT

131

7

Figure A.7.5. DVH of the unrestricted (solid) and quick plans (dashed) for patient 1 with 
oligometastatic lymph nodes, evaluated on the pCT.

Figure A.7.6. DVH of the unrestricted (solid) and quick plans (dashed) for patient 4 with 
oligometastatic lymph nodes, evaluated on the pCT.
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Figure A.7.7. DVH of the unrestricted (solid) and quick plans (dashed) for patient 5 with 
LAPC, evaluated on the pCT.

Figure A.7.8. DVH of the unrestricted (solid) and quick plans (dashed) for patient 8 with 
LAPC, evaluated on the pCT.
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Overview
Locally advanced pancreatic cancer presents a challenge for radiotherapy treatments 

due to day-to-day organ variations occurring in the abdomen that degrade the 

treatment plan quality. As a result of routine diagnostic CT imaging via our unique 

in-room CT / CyberKnife set-up within the LAPC-1 phase II clinical trial, this thesis 

has quantified the magnitude and impact of LAPC interfraction organ motion, and 

offers solutions in the form of different online adaptive strategies.

In this thesis, dose increases were observed in small dose volumes of the 

duodenum and the stomach, the most proximal organs to the pancreas. This was less 

pronounced in distal organs like the bowel. Overall, median daily V35Gy in the three 

gastrointestinal organs (GIO) increased by 1 cc with respect to the planned doses 

(Chapter 2). Relative to tumor position, the stomach and the duodenum reported 

deformations of 6-8 mm close to the tumor, where the high dose gradients are 

(Chapter 3). Using a population-based statistical model, we could accurately predict, 

based on the pCT anatomy alone, which patients would exceed dose tolerances during 

treatment. While a large majority of patients exceeded dose-constraints, remarkably 

a subset of patients did not. Depending on the exact evaluation criteria, ~20-40% of 

patients did not show dose-constraints violations. In Chapter 4, in which plans were 

evaluated according to OARs dose-constraints of V35Gy < 1 cc, ~40% of patients did 

not show violations in the daily scans. Whereas in Chapter 5, in which plans were 

evaluated using a tighter OAR dosimetric criteria of V35Gy < 0.5 cc, ~20% of patients 

did not show violations in the daily scans. Improving target coverage for this group 

was barely possible (Chapter 5). Identification of these patients prior to treatment 

delivery can aid to optimize the resources and logistics of the clinic and prevent over-

treatments.

Having quantified the problem, three different online adaptive methods were 

presented as a solution: full unrestricted replanning, quick replanning and dose 

realignment. The number of fractions achieving clinically acceptable plans was 

correlated with the level of complexity of the strategy (Chapter 5). When replanning 

using unedited autocontours, propagated from the pCT to the FxCT after applying 

deformable image registration (DIR), a large number of fractions did not require 

manual editing to solve dose-constraints violations. For these cases, manual editing 

could be avoided or just be restricted to sections close to the PTV (Chapter 6). 

Choosing fast plan adaptation methods and especially using unedited autocontouring 

are compromises that lead to faster ART workflows. A dummy run tested the feasibility 

of ART using the CyberKnife and an in-room CK. For pancreatic patients, an adaptive 
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treatment would take ~80 min, with room for improvement in the contour editing 

step, which is comparable to the workflow lengths achieved by other commercial 

integrated systems (Chapter 7).

In this chapter, we will discuss the encountered challenges, remaining 

opportunities, and future directions of treating pancreatic cancer with adaptive SBRT.

8.1. Interfraction OAR motion and toxicity
SBRT treatments for patients with LAPC have been associated with low rates (< 11%) 

of severe acute or late toxicity by several authors [11,31,33–35]. In our cohort from 

the LAPC-1 trial, 10% (4/39) of patients reported ≥ grade 3 toxicities, including 

3 patients showing gastrointestinal obstruction or bleeding within 3 months after 

receiving SBRT [11]. Minor grade < 3 acute abdominal pain (56%) and nausea (31%) 

were frequently reported. Overall, 77% (30/39) patients from LAPC-1 trial reported 

some toxicity throughout their follow-up. 

A parallel study in this cohort from Loi et al. [106] associated the increase of 

daily dose to OAR (seen also in Chapter 2) to early toxicity. Acute abdominal pain 

was correlated with an increased dose to 2 cc, 5 cc and 10 cc of the stomach, and 

acute nausea to the increased dose to 2 cc of the duodenum. Acute diarrhoea did not 

correlate with increased dose, but both planned and delivered doses to 10 cc of the 

bowel were higher than for the asymptomatic cases.

Although SBRT treatments are generally well tolerated by patients with LAPC, 

these studies showed the impact of unmanaged interfraction OAR variations. Toxicity 

not only affects the quality of life of treated patients, but limits the use of higher doses. 

In the pursuit of less toxic treatments and/or escalation towards ablative doses and a 

higher local control in this patient group, interfraction motion management plays an 

essential role.

8.2. Model-based prediction of dosimetric outcome 
For the first time, average motion patterns were abstracted and quantified in 3D in the 

abdominal organs by creating a population-based statistical model using a machine 

learning approach (Chapter 3). In the literature, only Liu et al. [56] had previously 

attempted to characterize OAR motion in pancreatic patients, by means of centre-

of-mass displacements and the dice coefficient. None of these parameters are able to 

estimate the deformations close to the tumor, where OAR dose is most sensitive to 

organ motion as explored in Chapter 4, in which we derived a patient selection tool.
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Our most relevant finding in Chapter 4 was that not all patients will be affected in 

the same way by daily organ motion. An important factor is evidently the geometrical 

configuration of the OAR with respect to the tumor location, as also reported by 

Bohoudi et al [95]. The closer the OARs are to the tumor or the greater the overlap 

between PTV and OARs, the higher the chances of exceeding dose tolerances in the 

treatment course. However, an even more relevant factor is where the dose gradients 

are located in the pCT (Chapter 4). The shape of those dose distribution determines 

the sensitivity of a treatment plan to daily OAR changes. 

8.3. Opportunities and limitations of a daily organ 
motion model

Our motion model is based on principal component analysis (PCA), which is a 

statistical method able to extract common patterns observed in data. In this thesis 

we used this model to simulate the effect of organ variations in the treatment plan. 

Below, we identified opportunities to further use the model in an offline setting in the 

light of its current limitations.

Opportunity 1: Deriving Planning Risk Volumes

Adding margins to the organs-at-risk during treatment planning, by creating the so-

called planning risk volumes (PRV), can be a (cost-effective and easy) way to account 

for the geometrical variability of the healthy tissue during SBRT treatments [171,172]. 

With our model we can estimate the probability of the different variations occurring 

close to the target, and create a non-uniform margin on these organs to ensure its 

protection during treatment: an efficient offline method to reduce the chance of 

toxicity at a cost of target coverage. It could offer, to the radiation oncologist and 

the patient, an alternative plan to choose from ranging from lower toxicity to higher 

control.

Opportunity 2: Robust/Probabilistic treatment planning

Taking this concept one step further, we could use the model to generate robust treat-

ment plans. By sampling potential anatomies using the OAR motion model, multiple 

scenarios based on expected target or OAR displacements can be used to find an opti-

mal plan that accounts for the probabilities of the scenarios to occur. Hence, it seeks 

for a trade-off between target robustness and OAR sparing [173,174]. The result-

ing dose distribution would be less sensitive to daily OAR variations and compared 

to a PRV approach, the trade-off between target and OAR dose would be smaller.
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Opportunity 3: Create a library of treatment plans

The model could also be used to sample meaningful anatomies and create a library of 

alternative plans, designed and approved prior to treatment delivery [96]. Based on 

daily 3D images, a plan-of-the-day that best fits the current anatomy is chosen. This 

approach has been used successfully for other target sites as an efficient ART workflow 

[89,175]. However, based on the unpredictable motion of the OARs involved in LAPC, 

it will be extremely challenging to provide predictive anatomical variations. Using 

this approach, a possible plan library for LAPC patients could include: a non-risky 

plan unlikely to lead to dose-constraint violations with lower PTV dose, and a riskier 

plan more likely to lead to dose-constraint violations with higher PTV dose.

Current limitations of the model
The model is built with the variations observed in the stomach, the duodenum and the 

bowel (i.e. main OAR). The first components in PCA describe the largest variations 

that have been seen in the input data. The bowel and the anterior part of the stomach 

are large flexible areas, and responsible for the most common variations predicted 

by the model. However, these areas are located relatively far from the PTV with re-

spect to the high dose area. On the other hand, close to the pancreas, we encounter 

the duodenum (a small organ structure) and the inner part of the stomach. Both are 

adjacent to the high dose area, and any variation occurring in this region will have 

large dosimetric consequences for these organs. However, since the amplitude of the 

motion closer to the pancreas is lower, the model perceives less variability in these 

parts of the structures, and attributes these variations to higher components in the 

model. Consequently, to describe the organ motion relevant to dose constraint vio-

lations accurately, we need to include a lot of principal components (or eigenmodes) 

retrieved by PCA.

When comparing our model to other OAR motion models, gastrointestinal organ 

variations seem to be less predictable than in other treatment sites. Whereas our first 

mode of variation covered 17% or 24% of variations (when including and excluding 

the bowel respectively), a bladder-prostate model would capture between 40-60% of 

variation in the first mode (mainly representing bladder filling) [49,77], a prostate-

seminal vesicles model would cover 35% [176], or a rectum model up to 30% of 

variability [176].

The accuracy error obtained by the model when predicting anatomies using a 

leave-one-out approach resulted in average errors of 2 and 4 mm when excluding 

or including the bowel. The inclusion of the bowel in the model affects the model 



General discussion

141

8

performance, and overall complexity. Bowels were consistently delineated until L4 

vertebrae in all patients. However, the anatomical information they represented until 

L4 could differ among patients. The interpatient variability in the bowel is much larger 

than the intra-patient variations observed in the cohort. Hence, applying this model 

to predict intra-patient anatomical variations might overestimate the actual motion.

To improve the use of the model for the three opportunities mentioned above, we 

could develop a model focusing only on the variations close to the tumor (e.g. within 

3 cm from the PTV, where most relevant dosimetric uncertainties occur) to increase 

its predictive value. However, as the model is population-based, and there are large 

anatomical inter-patient variations, clipping organs for data inclusion at a certain 

distance from the PTV is not trivial, as we could be at risk of not using corresponding 

anatomical regions among patients.  

The original model from Chapter 3 is based on the OAR variations observed 

from the average anatomy of each patient. However, this model should ideally be 

used directly on the pCT anatomy prior to treatment to be able to apply any of the 

three opportunities discussed above or to be used in the patient selection tool. As seen 

in Chapter 4, the current model could already predict correctly dose-constraints 

violations for 83% of patients even when using it on the pCT. But, in case of a patient 

undergoing extreme anatomical variations, the pCT anatomy might not be sufficiently 

representative and the model could lead to less accurate predictions of OAR motion, 

and consequently of the estimated dose variations.

Online adaptive SBRT using replanning is a technique that can deal with these 

extreme anatomical variations by generating a plan tailored to the anatomy on 

the treatment day. In the next section, we will discuss the challenges met for the 

implementation of online adaptive SBRT on the CyberKnife system.

8.4. Challenges and opportunities for implementing 
adaptive SBRT in the clinic

Nowadays, ART is mainly applied in centres that have integrated systems to deliver 

Magnetic Resonance-guided RT (MRgRT), such as the MRIdian (ViewRay, Oakwook 

Village, OH) and the Elekta Unity (Elekta AB, Stockholm, Sweden), or (Cone Beam) 

Computed Tomography-guided RT [(CB)CTgRT], such as the Ethos system (Varian 

Medical Systems Inc, Palo Alto, CA). The differences among the available commercial 

systems mainly rely on the daily imaging system they use (MR vs. (CB)CT), in 

which daily anatomical variations are assessed and on which dose distributions are 

reoptimized. 
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Adaptive RT is a complex and costly technique to implement in the clinic. Besides 

dedicated equipment, it involves multiple consecutive steps that run sequentially 

and in parallel, and highly trained staff to continually monitor and evaluate each 

individual process while the patient awaits radiation delivery in the treatment room. 

We explored the use of ART employing standard equipment and software packages 

that were already available in our clinic, which makes that the proposed methods 

can be transferred to other institutes, provided that volumetric (in-room) imaging is 

available. For instance, it could be also used in combination with a portable diagnostic 

CT scanner. In addition, we investigated how to employ ART only when needed and in 

an efficient and effective way, streamlining the laborious process.   

Challenge 1: Selecting the right group

In our cohort, dose violations were presented during treatment in 60% of patients 

(Chapter 4: if OAR V35Gy < 1 cc) and 80% of patients (Chapter 5: if OAR V35Gy 

< 0.5 cc). This resulted in 77% of fractions (70/98) exceeding dose tolerances (V35Gy 

< 0.5 cc) among patients. This group would benefit the most from plan adaptation to 

reduce toxicity. The other 20-40% patients would not require ART for this purpose. 

Similar trends were observed by other authors who showed that around 2/3 of 

fractions would require plan adaptation [95,101,177]. Employing this technique 

for this subset of patients would mean that they are over treated, which is a topic 

that currently receives a lot of attention from the patient and the hospital finance 

perspective. A validated selection tool that pre-selects this group of patients and 

offers them a “classical” SBRT treatment would be beneficial. Our model could be 

used in such prediction, after performing an external validation with an independent 

data set (Chapter 4).

For the patients that would dosimetrically benefit from adaptive SBRT, due to 

potential OAR dose constraint violations, we have worked on two major bottlenecks 

that hinder an efficient ART workflow. This involves delineation and creating a 

treatment plan based on the current anatomy. 

Challenge 2: Autocontouring

Deformable image registration (DIR) methods have commonly been used in adaptive 

workflows to propagate contours from pCT to FxCTs. However, these algorithms are 

still inaccurate in the high dose region (Chapter 7), and manual editing is required 

before replanning. Remarkably, in 84-95% fractions, replanning with unedited 

autocontours already improved OAR sparing compared to non-adapted plans.
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Our work has shown that in 56-64% of fractions, planning without manually 

editing the contours resolves OAR dose constraint violations (at cost of -3 to -1% of 

PTV coverage reduction). This would save a significant amount of time within the 

adaptive workflow and would reduce the workload and overall logistics. So far, our 

dosimetric evaluations have been performed on individual fractions. But, if doses 

would be evaluated over the whole treatment using dose summation, the impact of 

autocontouring inaccuracies would most likely average out and be even smaller than 

in our current per fraction analysis. More clinical experiments are needed to assess 

the risk of applying ART without manual contour correction.

Challenge 3: Fast plan reoptimization

In Chapters 6 and 7, we have shown that we can reduce the plan optimization time 

from 8.5 min for LAPC plans to 3 min by applying a time-restricted template that uses 

optimized parameters and clipped OAR structures at 3 cm. These plans are practically 

equivalent to the unrestricted plans. 

Challenge 4: Total treatment time and efficiency

The dummy run test applied in our clinic took ~80 min for pancreatic cancer 

patients (Chapter 7), comparable to MR-linacs clinical workflows taking around 

90 min [45,124]. The Ethos promises potentially faster adaptive treatments with 

~15 min for prostate cancer treated with standard fractionation schemes. During 

this time, intrafraction motion could still occur, devaluating the generated treatment 

plan. Currently, the quantitative knowledge about the intrafraction motion and its 

dosimetric effect in this anatomical region is limited. A recent study showed that OAR 

dose differences in pre- and post-fraction CT scans were in general not statistically 

significant [178].

Time plays an essential role in ART because anatomical changes can still occur, 

which can cause the adapted treatment is obsolete before it is delivered. In addition, 

during the procedure, an entire team of healthcare professionals is required. Using 

fast plan re-optimization and selective or no autocontour editing, both the total 

treatment time and the logistics complexity can be reduced. Also, with the incoming 

introduction of artificial intelligence (AI) algorithms in the clinic especially being 

exploited for autocontouring, image enhancement and automated treatment planning 

[129,130,179,180], we expect the efficiency of ART workflows to increase. 

Now that ART can be employed in the CyberKnife system, we can also explore the 

possibilities of using ART for LAPC beyond toxicity reduction.
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8.5. Online adaptive SBRT for pancreatic cancer patient: 
Clinical evidence

The first clinical applications using MRgRT appeared between 2016-2018, 

[64,94,107,133,181], and using (CB)CTgRT at the end of 2019 [114]. Online adaptive 

SBRT is, therefore, a novel and fast evolving paradigm, from which its long-term 

clinical value is still being evaluated. Early implementations of ART in pancreatic 

cancer showed improved clinical outcomes, characterized by equal or increased target 

coverage and improved OAR sparing, resulting in remarkably low radiation-related 

acute toxicities reported by patients [64,94,107]. In our experiments from Chapter 5 
and Chapter 7, plan adaptations also resulted in increased or equal target coverage 

for most of the patients while adhering to OAR dose constraints. 

Online ART is a technique that can be employed to reduce the dose to OAR in most 

of patients, and hence, reduce the risk of toxicities. With this aspect controlled, we 

can safely start exploring dose escalation and the combination of treatments in these 

patients. 

8.6. Future perspectives for pancreatic cancer

8.6.1. Rationale for pursuing dose escalation

The desire of escalating doses for patients with LAPC pursues increasing the 

radiobiological effect of RT treatments to gain more local control (LC), associated to 

overall survival (OS) improvement, and eventually, to the increase of surgical rates 

[5,182]. Several recent publications about radiation dose-escalation in LAPC patients 

have showed that higher biological effective doses (BED) increase OS rates and loco-

regional recurrence free survival [24,28,29,108,183]. Zaorsky et al. evaluated in a 

meta-analysis of 365 patients the effect of different BED SBRT schemes on LC and 

toxicities [29]. It reported favourable control rates of 1-year local control (1-y LC) 

from 72% (when treating with BED10 ≤ 70Gy) to 82% (BED10 > 70 Gy), and more 

importantly, that BED10 > 70 Gy was not associated with increased acute nor late 

toxicity rates. Krishnan et al. reported a similar trend in favour of BED10 > 70 Gy [24].

Several MRgRT studies [64,94,107,181], collecting most of the experience of using 

online ART in the clinic so far, deliver the same prescription dose as used in our 

institute (i.e. 40 Gy in 5 fractions), corresponding to BED10 of 72 Gy. Still, ablative 

radiotherapy for LAPC is associated with the delivery of 100 Gy (BED10) to the tumor. 

In the era of highly precise treatments making use of organ motion management 

techniques, several institutes are starting to explore dose escalation for LAPC.
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8.6.2. Towards ablative doses for LAPC

Several institutes are already exploring the feasibility of delivering ablative doses 

to the tumor (BED10 of 100 Gy) using different RT techniques, and are reporting 

promising outcomes without generally increasing ≥ grade 3 (G3+) toxicity rates 

(Table 8.1).

Online Adaptive SBRT

To our knowledge, up to date only two groups have reported clinical experiences 

delivering ablative doses (50Gy/5fx) using MRgRT [156,184] in 2020-2021, and using 

different margins for the tumor (Table 8.1). The resulting clinical outcomes were 

1-y LC of 84-88% and median OS of 10-16 months, both with very uncommon G3+ 

toxicities. Currently, a still ongoing multi-institutional phase II trial (NCT03621644) 

is expected to include up to 133 patients being treated with 50 Gy/5 fx on the MR-

linac. Early comments of the trial in [28], suggest than full dose escalation is only 

possible if OAR are distant from the tumor (distance not specified), but partial dose 

escalation can be applied in more challenging patients when the anatomy of the day 

allows it. Final clinical outcomes of this multi-institutional trial are still awaited, and 

will clarify the role of online adaptive SBRT enabling dose escalation on pancreatic 

cancer patients.

Our initial assumptions are that only few fractions (28/98) might be eligible for 

dose-escalation (Chapter 5). In these patients, increasing dose-coverage was not or 

hardly possible (1-2% increase) with the current clinical dose-constraints on OAR. 

Thus, a modest gain in local control and overall survival can be expected. However, 

seeing the feasibility of dose escalation in these trials, we will most likely have to 

adapt our clinical protocol, since details as target margins and OAR dose constraints 

can make a big difference in what is possible. With the current dose constraints, we 

can exploit the use of a simultaneous integrated boost (SIB), but to increase the dose 

to the entire PTV, our tight OAR dose-constraints (for non-adapted plans) should be 

re-evaluated (Table 8.1). 

Using a Simultaneous Integrated Boost

Instead of increasing the dose to the entire tumor, simultaneous integrated boost or 

dose painting approaches can be used to escalate the dose. With these techniques, a 

subregion of the tumor receives a higher dose during the same fraction. This subregion 

could be defined in the center of the tumor [182], or using functional imaging (e.g. PET, 

functional MRI, etc.) to determine the radiobiological heterogeneity of the tumor. 
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The most radioresistant sub-volumes (i.e. more hypoxic) could receive a boost to 

increase the efficiency in treatment response, maintaining adjacent structures within 

dose tolerances, potentially leading to a decrease in normal tissue complication 

probabilities (NTCP) while maximizing tumor control probability (TCP) [185]. 

The feasibility of using escalated doses in RT using a SIB has been demonstrated 

[24,182,186]. Krishnan et al. [24] showed improved 2 year OS and LC up to 36%, 

but only if their tumors were further than 1 cm away from the adjacent OAR. A 

retrospective study including 64 LAPC patients being treated either with intensity 

modulated RT (IMRT) or SBRT with a SIB reported median OS of 26.8 months (from 

diagnosis). Remarkably, 26.6% of patients in the cohort underwent surgery after 

treatment [186] (Table 8.1).  

Based on our setup, the combination of online adaptive SBRT with a SIB could aid 

to achieve higher BED within the tumour, while sparing as much as possible the OAR 

with plan adaptation. 

Proton therapy

It is also worth mentioning that proton therapy has also been explored for dose 

escalation in LAPC patients. The main advantage of proton therapy is the more 

localized dose deposition compared to photon irradiation, as protons stop at certain 

depth. Therefore, proton therapy has the potential to reduce even further the dose 

received by the OAR. However, protons are very sensitive to geometrical uncertainties 

(mainly caused by tissue density variations along the beam path, e.g. air bubbles), and 

hence, unintended OAR doses remain a major concern. Up to now, there is still limited 

clinical experience and there is no clear evidence showing the superiority of proton 

therapy over other RT modalities for LAPC [5]. Whereas recent investigations have 

started to show promising outcomes [188], especially in increased 1-y LC to >90% 

and no G3+ events, others have shown less favorable outcomes regarding toxicity 

[189]. The use of a SIB has also been explored in planning with protons [190,191].

Great efforts are being placed nowadays in making feasible MR-guided proton 

therapy (MRgPT), aiming to combine proton therapy with the high soft tissue imaging 

capabilities of MR and MR-guidance to manage OAR motion in proton therapy. Most 

of the knowledge gained with online adaptive RT using photons might be transferrable 

to the forthcoming MRgPT. Our OAR motion model (Chapter 3 and 4) could be still 

used to optimize robust plans for protons, or to select patients that might benefit the 

most from ART. In the future, clinical trials comparing both modalities might also 

reveal whether protons have an added value for LAPC.
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8.6.3. Combination of RT with immunotherapy

Pancreatic cancer is considered a systemic disease for its tendency to rapidly spread 

throughout the body. Its optimal treatment is still under debate, but so far, it is 

becoming multimodal. One of the next studies in our institute will be to perform a 

phase III randomized clinical trial to compare the role of chemotherapy alone vs. 

chemotherapy in combination with SBRT, both followed by surgery when possible. 

Aggressive multi-agent drugs as FOLFIRINOX or GNP and advances in 

radiotherapy are contributing to increase overall survival, but may still have limited 

efficacy, especially at long-term. Note that 5-year survival rates even in patients 

undergoing surgery is 10-50%, depending if chemoradiotherapy (CRT) is also 

delivered or not [7]. 

Immunotherapy aims to trigger the immune system to recognize and attach 

tumor cells, hence, aims to ultimately reach a long-lasting immune response to fight 

the disease even at distant locations (with the so-called abscopal effect). Moreover, 

there is growing evidence that radiation is able to stimulate the immune system 

leading to increased response rates [192,193]. A lot of efforts and growing interest are 

currently being placed to understand the undelaying mechanisms between RT and 

antitumor immunity, and to find out what are the optimal radiotherapy regimens to 

maximize the synergy between both therapies [192–196]. There are currently several 

clinical trials evaluating the efficacy of different immunotherapy drugs (e.g. immune 

checkpoint inhibitors, cancer vaccines, adoptive cell transfer) in combination with 

chemoradiation for LAPC patients [197]. 

8.7. Conclusions
Interfraction motion management using adaptive solutions is essential to overcome 

the recurrent dose-constraint violations observed in the large majority of pancreatic 

cancer patients due to daily organ variations. Adaptive SBRT, which can now be 

delivered on the CyberKnife system in combination with an on-rails-CT, can be 

currently employed to reduce dose-constraints violations, with the hope to also reduce 

the consequent treatment side-effects. Based on our data, using the current clinical 

protocols, still based on non-adapted treatments, only a modest gain in clinical 

outcomes can be expected. However, relaxing our constraints and/or using selective 

boosting in conjunction with online adaptive SBRT, would open up the possibility to 

increase the dose while avoiding high-grade toxicity, which could potentially lead to 

increased resectability rates. Future prospective and randomized clinical trials are 

needed to fully exploit the use of adaptive SBRT in pancreatic cancer patients.
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Summary
Pancreatic cancer is the fourth leading cause of cancer-related deaths worldwide, 

with a 5-year survival rate below 10%, and increasing incidence. At diagnosis, 30-35% 

of patients present an unresectable locally advanced pancreatic carcinoma (LAPC) 

due to the large venous and arterial encasement involved, which endangers curative-

intent surgery. Local progression (33%) and metastasis (67%) are the main causes 

of death for patients with LAPC. The combination of systematic chemotherapy and 

highly precise localized treatment, like stereotactic body radiotherapy (SBRT), may 

contribute to achieve a durable local control and increase resectability rates. However, 

day-to-day organ (interfraction) variations occurring in the abdominal region cause 

a major uncertainty around the tumor, and may hamper the adequate delivery of 

radiation doses to cover the target and the surrounding healthy organs as intended, 

eventually causing undesired side-effects and toxicity. Online adaptive radiotherapy 

(ART) has emerged as a paradigm to compensate for interfraction organ variations. 

However, understanding also the magnitude and importance of these interfraction 

organ variations is the key to be able to deliver safer radiotherapy treatments, and to 

determine the actual need and benefit of adaptive radiotherapy on pancreatic cancer 

patients. 

In this thesis, we have used high quality diagnostic 3D images acquired with an in-

room CT scanner in the treatment room, to quantify organ motion and the dosimetric 

consequences for patients with LAPC, and subsequently, to explore different adaptive 

methods to mitigate the chance of organs-at-risk (OAR) toxicity. Overall, we offer a 

set of possible solutions to implement an adaptive RT workflow using the CyberKnife 

robotic system. Throughout the whole thesis, we have used the planning CT (pCT) and 

up to three pre-treatment CT scans from 35 patients with locally advanced pancreatic 

cancer (a total of 133 CT scans) that were retrospectively collected in our institute 

for the LAPC-1 phase II clinical trial (NL49643.078.14). All scans were thoroughly 

manually contoured by the same experienced radiation oncologist, constituting the 

main ground truth dataset used in this thesis.

To determine the relevance of interfraction OAR motion in pancreatic cancer 

patients, we began this thesis by investigating the dosimetric consequences of 

interfraction organs-at-risk variations in our cohort (Chapter 2). For that purpose, 

planned dose distributions were overlaid onto the daily CTs, using a fiducial match 

alignment between the planning and the daily CT scans. The results showed a 
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statistically significant increase of median doses. Generally, large dosimetric 

variations were observed in the small dose volumes such as Dmax (+12% increase), 

and D2cc (+4.4%), and V35Gy, the dose volume associated with toxicity in our 

institute, (+1 cc). The duodenum and the stomach, being the most proximal organs 

to the pancreas, were the most affected by this increase. For distal organs like the 

bowel, dose variations were less pronounced while geometrical variations in shape 

and position still occurred.

Chapter 3 focused in characterizing the daily geometrical variations observed in 

our cohort with respect to tumor position, by generating a population-based statistical 

model. To this end, the main organs-at-risk, the duodenum, the stomach and the 

bowel, from the daily CT scans were non-rigidly registered to the corresponding 

organs in the planning CT. The resulting deformation vector fields (DVF) were first 

used to quantify the organ variations between the daily and the planning CT scans 

on each individual patient, and were subsequently mapped to a reference patient to 

quantify the variations in the whole population. Principal component analysis (PCA), 

an unsupervised machine learning method, was used to retrieve the deformations 

with larger magnitude in the cohort, and to create a statistical model able to 

reproduce these motion patterns. Through PCA, common patterns were found in 

the gastrointestinal organs: the stomach mostly contracts-expands in the anterior-

posterior direction showing variations between 5 to 13 mm, the movement of the 

duodenum is smaller and occurs in left to right direction (median of 4-8 mm), and the 

bowel typically undergoes superior-inferior variations ranging from 7 to 14 mm. Most 

importantly, in the region closer to the tumor (where the highest dose is expected), 

the stomach and the duodenum showed median displacements between 6 to 8 mm. 

The model was finally used to simulate population-based dose-volume histograms 

(DVHs) on each patient to verify whether simulated organ motion could predict the 

DVHs observed clinically on the daily CT scans. Overall, more than 90% of the clinical 

DVHs were predicted within the population-based DVHs.

A direct application of our model is seen in Chapter 4, in which a patient selection 

tool was developed to identify LAPC patients that would be at higher risk of exceeding 

dose tolerances during treatment. Our hypothesis was that the original anatomy 

and the planned dose distribution play a strong role in determining how sensitive 

a treatment plan is to OAR motion. Following the approach from Chapter 3, we 

used the OAR motion model to simulate 5000 OAR variations and quantify the 

probability of exceeding dose-constraints (V35Gy < 1 cc). A threshold was set on 

each OAR probability prediction to separate the patients at high from low risk of 
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exceeding dose constraints. Each patient was classified as being at risk if at least one 

OAR was predicted above the threshold. Our proposed method was also compared 

to other criteria proposed in the literature based on geometric measures on the pCT 

anatomy only, such as tumor size, distance from tumor to OARs, or overlap between 

the planning target volume (PTV) and OARs. Overall, clinical observations revealed 

dose-constraint violations in 20/35 patients, which remarks that not all patients 

might benefit from individualized adapted treatments. The proposed tool resulted 

in correct patient predictions for 29/35 (83%) patients, and for the 6/35 patients 

being misclassified, a high risk was overestimated. Our approach outperformed 

methods based on geometric measures. This tool could be used to stratify patients at 

higher risk of exceeding dose-constraints during treatment, and hence, prevent over-

treatments and optimize the resources in the clinic by applying interfraction motion 

management strategies only when needed.

The second part of this thesis focused on exploring how to implement different 

adaptive methods as potential solutions to mitigate the effect of the daily OAR motion 

observed in the previous chapters. We focused in optimizing two of the most relevant 

aspects within the ART workflow: plan adaptation and autocontouring, and to test the 

feasibility of the overall workflow in our clinic.

In Chapter 5, we investigated the trade-offs of three quasi-automated online 

plan adaptation strategies, by means of speed, efficiency and plan quality, as well 

as comparing them to non-adapted doses to determine the value and gain of plan 

adaptation on LAPC patients. We used a novel optimizer, so-called VOLO. First, 

all clinical plans on the pCT were replanned using VOLO. This allowed us to store 

patient-specific templates including all optimization parameters used for the pCT 

(unrestricted template). A second template was also created on the pCT, aiming to 

restrict optimization times while keeping plan quality (time-restricted template). 

The main factor influencing optimization times in VOLO was the sampling density 

on the structures included in the optimization. Therefore, this time-restricted 

template made use of clipped OAR at 3 cm from the PTV. Next, the three online 

adaptive strategies were tested on the daily OAR: 1) full replanning using unrestricted 

template, 2) full replanning using time-restricted template, and 3) dose realignment 

optimization to stay within OAR dose-constraints (V35Gy < 0.5 cc), corresponding to 

a robot realignment shift. Overall, 70/98 daily scans reported OAR dose violations, 

which were solved after plan adaptation in 93%, 90% and 74% of the cases with a 

median computational time of 8.5, 3, and 0.5 min using each strategy, respectively. 

Remarkably, in 28/98 daily scans, planned doses did not lead to violations, and none 
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of the plan adaptation approaches improved upon planned doses. A total of 6/35 

patients would not have had violations in any of their fractions. Over the 98 fractions, 

PTV coverage reduced a median of -1%, -2% and -2% after each strategy. All strategies 

led to clinically acceptable plans for a large number of fractions. Nonetheless, the 

more complex the strategy used, the higher the chance in achieving an adapted 

plan staying within constraints. Depending on the resources available or patient 

complexity, different strategies could be implemented in the clinic.

Nowadays, only contouring is the most time-consuming step within an ART 

workflow. Autosegmentation algorithms in the abdominal region are still inaccurate, 

and as a consequence, a considerable amount of time during ART is spent in 

editing autocontours before they can be used for plan evaluation or adaptation. In 

Chapter 6, the dosimetric consequences of using unedited autocontours directly 

for plan adaptation were investigated by using two autocontouring algorithms based 

on deformable image registration (DIR) followed by contour propagation: MIM and 

Precision DIR. First, autocontours were geometrically compared to manual OAR 

contours to determine their accuracy for both the whole and clipped OARs at different 

distances (3, 1 and 0.5 cm) from the PTV. Next, plan adaptation was performed using 

both manual and both sets of autocontours, using the time-restricted plan templates 

from Chapter 5. The resulting set of three adapted plans was also compared to non-

adapted doses by means of PTV coverage and OAR dose parameters. Geometrically, 

the results showed a high agreement between manual and autocontours when 

evaluated on the whole structures, but less when evaluating clipped structures close 

to the PTV. Dosimetrically, replanning with unedited autocontours resulted in better 

OAR sparing than non-adapted plans for 95% (Precision DIR) and 84% (MIM DIR) 

of daily fractions, and already satisfied OAR constraints in 64% (Precision DIR) and 

56% (MIM DIR) of the cases. For the fractions in which replanning with autocontours 

led to worse results than non-adapted plans, we observed that manual OARs were 

significantly closer to the PTV than autocontours, thus, leading to large dosimetric 

inaccuracies close to the PTV after replanning. These results suggested that for a 

large number of fractions, manual editing of autocontours could be avoided or just 

be restricted to sections close to the PTV, to reduce the overall time required to apply 

ART workflows in the clinic even further.

Finally, Chapter 7 describes the results of dummy runs performed in our clinic 

testing the feasibility of implementing an ART workflow using the CyberKnife and 

an in-room CT on-rails for 4 patients with LAPC and 4 patients with lymph node 

oligometastasis. The ART workflow used techniques developed in Chapter 5 (fast 
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optimization with time-restricted templates) and Chapter 6 (DIR with a cutoff for 

contour editing) and was timed: total adaptive treatment time was 83 and 64 min for 

LAPC and oligometastasis, respectively. These timings were comparable to current 

adaptive treatments on commercially available ART systems. All daily fractions 

fulfilled dose constraints after plan adaptation for both LAPC and oligometastatic 

patients. Overall, we demonstrated that it is feasible to apply online adaptive SBRT 

on the CyberKnife within a clinically acceptable timeframe and using commercially 

available software.

This thesis ends by discussing in a broader context the current limitations and 

future perspectives of using adaptive SBRT for locally advanced pancreatic cancer 

patients (Chapter 8). In conclusion, interfraction motion management using 

adaptive solutions is essential to overcome the recurrent dose-constraint violations, 

associated to toxicity, observed in the large majority of pancreatic cancer patients 

due to daily organ variations. Based on our data, with the current clinical protocols 

regarding dose constraints, only a modest gain in clinical outcomes can be expected. 

However, adaptive SBRT, which can now be employed with the CyberKnife system 

using an on-rails-CT scanner, could be employed to reduce OAR-dose-constraints 

violations. Relaxing the current clinical OAR dose-constraints, that are still based 

on non-adaptive treatments, and/or using a simultaneous integrated boost in 

combination with adaptive SBRT, would open up the possibility for treatment 

intensification reaching higher doses to the target, which could potentially increase 

further resectability rates. Future clinical trials are needed to exploit this usage of 

adaptive SBRT in pancreatic cancer patients to its limits.
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Samenvatting
Pancreaskanker is de vierde belangrijkste oorzaak van kankergerelateerde 

sterfgevallen wereldwijd, met een 5-jaarsoverleving van minder dan 10% en een 

toenemende incidentie. Bij diagnose vertoont 30-35% van de patiënten een niet-

reseceerbaar lokaal gevorderd pancreascarcinoom (LAPC), vanwege de grote veneuze 

en arteriële omhulling, die curatieve chirurgie in gevaar brengt. Lokale progressie 

(33%) en metastasen (67%) zijn de belangrijkste doodsoorzaken voor patiënten 

met LAPC. De combinatie van systematische chemotherapie en zeer nauwkeurige 

gelokaliseerde behandeling, zoals stereotactische radiotherapie (SBRT), kan 

bijdragen aan het bereiken van een duurzame lokale controle en het verhogen van 

de resectabiliteitspercentages. Echter, dagelijkse orgaanvariaties (interfractie) die 

optreden in het abdominale gebied veroorzaken een grote onzekerheid rond de tumor, 

en kunnen de adequate afgifte van stralingsdoses belemmeren om het doelwit en de 

omliggende gezonde organen te raken zoals bedoeld, wat uiteindelijk ongewenste 

neveneffecten en toxiciteit kan veroorzaken.Online adaptieve radiotherapie (ART) 

is naar voren gekomen als een paradigma om variaties in interfractie-organen te 

compenseren. Het begrijpen van de omvang en het belang van deze interfractie-

orgaanvariaties is echter de sleutel om veiligere radiotherapiebehandelingen te kunnen 

geven en om de werkelijke behoefte en het voordeel van adaptieve radiotherapie bij 

patiënten met pancreaskanker te bepalen.

In dit proefschrift hebben we hoge kwaliteit diagnostische 3D-beelden gebruikt, 

verkregen met een CT-scanner in de behandelkamer, om orgaanbeweging en dosim-

etrische gevolgen voor patiënten met LAPC te kwantificeren, en om vervolgens ver-

schillende adaptieve methoden te onderzoeken op de kans op toxiciteit in de risico 

organen (OAR). We bieden een reeks mogelijke oplossingen om een adaptieve ra-

diotherapie-workflow te implementeren met behulp van het CyberKnife-robotsys-

teem. In het hele proefschrift hebben we de plannings-CT (pCT) en maximaal drie 

CT-scans voor de behandeling gebruikt van 35 patiënten met lokaal gevorderde 

pancreaskanker (in totaal 133 CT-scans) die retrospectief in ons instituut werden 

verzameld voor de LAPC-1 fase II klinische studie (NL49643.078.14). Alle scans 

werden nauwkeurig handmatig ingetekend door dezelfde ervaren radiotherapeut-on-

coloog, wat de gouden standaard dataset vormt die in dit proefschrift wordt gebruikt.

Om de relevantie van interfractie-beweging van risico-organen bij patiënten 

met pancreaskanker te bepalen, begonnen we dit proefschrift met het onderzoeken 
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van de dosimetrische gevolgen van interfractie variaties van OARs in ons cohort 

(Hoofdstuk 2). Voor dat doel werden geplande dosisverdelingen naar de dagelijkse 

CT-scans gekopieerd, met behulp van een fiducial match-uitlijning tussen de planning 

en de dagelijkse CT-scans. De resultaten toonden een statistisch significante toename 

van de mediane doses. Over het algemeen werden grote dosimetrische variaties 

waargenomen in de kleine dosisvolumes zoals Dmax (+12% toename), en D2cc 

(+4,4%) en V35, het volume dat in ons instituut wordt geassocieerd met toxiciteit 

(+1cc). De twaalfvingerige darm en de maag, de meest proximale organen van de 

pancreas, werden het meest getroffen door deze toename. Voor distale organen zoals 

de darm waren dosisvariaties minder uitgesproken, terwijl geometrische variaties in 

vorm en positie nog steeds optraden.

Hoofdstuk 3 concentreerde zich op het karakteriseren van de dagelijkse 

geometrische variaties die in ons cohort worden waargenomen met betrekking tot 

tumorpositie, door een populatie gebaseerd statistisch model te genereren. Hiertoe 

werden de belangrijkste risico-organen, de twaalfvingerige darm, de maag en de darm, 

van de dagelijkse CT-scans niet rigide geregistreerd op de overeenkomstige organen 

in de plannings-CT-scan. De resulterende vervormingsvectorvelden (DVF) werden 

eerst gebruikt om de orgaanvariaties tussen de dagelijkse en de planning CT-scans 

op elke individuele patiënt te kwantificeren, en werden vervolgens toegewezen aan 

een referentiepatiënt om de variaties in de hele populatie te kwantificeren. Principale 

componentenanalyse (PCA), een ongesuperviseerde machine leermethode, werd 

gebruikt om de vervormingen met de grootste amplitudes in het cohort te vinden en 

om een   statistisch model te creëren dat deze bewegingspatronen kan reproduceren. 

Door PCA werden gemeenschappelijke patronen gevonden in de gastro-intestinale 

organen: de maag trekt meestal samen of expandeert in de anterieure-posterieure 

richting met een mediaan tussen 5 en 13 mm, de beweging van de twaalfvingerige 

darm is kleiner en komt voor in de richting van links naar rechts (mediaan van 4 -8 

mm), en de darm laat superieure-inferieure variaties zien variërend van 7 tot 14 mm. 

Het belangrijkste is dat in het gebied binnen de tumorholte (waar de hoogste dosis 

kan worden verwacht), de maag en de twaalfvingerige darm mediane verplaatsingen 

vertoonden tussen 6 en 8 mm. Het model werd uiteindelijk gebruikt om populatie 

gebaseerde dosis-volumehistogrammen (DVH) op elke patiënt te simuleren om te 

verifiëren of gesimuleerde orgaanbeweging de DVHs kon voorspellen die klinisch 

werden waargenomen op de dagelijkse CT-scans. Over het algemeen werd meer dan 

90% van de klinische DVHs voorspeld met de populatie gebaseerde DVHs.

Een directe toepassing van ons model is te zien in Hoofdstuk 4, waarin een hulp-
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middel voor patiëntselectie- werd ontwikkeld om LAPC-patiënten te identificeren die 

een hoger risico lopen om tijdens de behandeling de dosistoleranties te overschrijden. 

Onze hypothese was dat de oorspronkelijke anatomie en de geplande dosisverdeling 

een sterke rol spelen bij het bepalen hoe gevoelig een behandelplan is voor OAR-be-

weging. Met het model uit Hoofdstuk 3 hebben we 5000 OAR-variaties gesimu-

leerd om de kans op overschrijding van de dosiseisen te kwantificeren (V35Gy<1cc). 

Er werd een drempel ingesteld voor elke OAR-waarschijnlijkheidsvoorspelling om 

de patiënten met een hoog en een laag risico op overschrijding van de dosiseisen te 

scheiden. Elke patiënt werd geclassificeerd als een risicopatiënt als ten minste één 

OAR boven de drempel werd voorspeld. Onze voorgestelde methode werd ook verge-

leken met andere criteria die in de literatuur zijn voorgesteld op basis van geome-

trische metingen van alleen de pCT-anatomie, zoals tumorgrootte, afstand van tumor 

tot OAR's of overlap tussen het planningsdoelvolume (PTV) en OAR's. Klinische ob-

servaties brachten schendingen van de dosiseisen aan het licht bij 20/35 patiënten, 

wat erop wijst dat niet alle patiënten baat zouden kunnen hebben bij geïndividual-

iseerde aangepaste behandelingen. De voorgestelde tool resulteerde in correcte pa-

tiëntvoorspellingen voor 29/35 (83%) patiënten, en voor de 6/35 patiënt die verkeerd 

werd geclassificeerd, werd een hoog risico overschat. Onze aanpak presteerde beter 

dan methoden op basis van geometrische metingen. Deze tool zou kunnen worden 

gebruikt om patiënten met een hoger risico op overschrijding van de dosiseisen ti-

jdens de behandeling te stratificeren, en zo overbehandelingen te voorkomen en de 

middelen in de kliniek te optimaliseren door alleen strategieën voor het beheer van 

interfractiebewegingen toe te passen wanneer dat nodig is.

Het tweede deel van dit proefschrift was gericht op het onderzoeken hoe 

verschillende adaptieve methoden kunnen worden geïmplementeerd als mogelijke 

oplossing om het effect van de dagelijkse OAR-beweging, waargenomen in de vorige 

hoofdstukken, te verminderen. We hebben ons gericht op het optimaliseren van 

twee van de meest relevante aspecten binnen de ART-workflow: planaanpassing en 

autocontouring, en om de haalbaarheid van de algehele workflow in onze kliniek te 

testen.

In Hoofdstuk 5 hebben we drie quasi-geautomatiseerde online planaanpass-

ingsstrategieën onderzocht, op basis van snelheid, efficiëntie en plankwaliteit, en deze 

vergeleken met niet-aangepaste doses met betrekking tot de waarde en winst van pla-

naanpassing op LAPC-patiënten. We gebruikten de nieuwe VOLO optimizer, . Eerst 

werden alle klinische plannen op de pCT opnieuw gepland met behulp van VOLO. 

Hierdoor konden we patiëntspecifieke sjablonen opslaan, inclusief alle optimalisatie-
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parameters die voor de pCT werden gebruikt (onbeperkt sjabloon). Er werd ook een 

tweede sjabloon gemaakt op de pCT, met als doel de optimalisatietijden te beperken 

met behoud van de kwaliteit van het plan (tijdgebonden sjabloon). De belangrijkste 

factor die de optimalisatietijden in VOLO beïnvloedde was het aantal datapunten in de 

structuren die in optimalisatie werden meegenomen. Daarom maakte het tijdgebon-

den sjabloon gebruik van bijgesneden OAR op 3 cm van het PTV. Vervolgens werden 

de drie online adaptieve strategieën getest op de dagelijkse OAR: 1) volledige herplan-

ning met behulp van een onbeperkt sjabloon, 2) volledige herplanning met behulp van 

een tijdgebonden sjabloon, en 3) dosisheruitlijning om binnen de OAR-dosiseisen te 

blijven (V35Gy<0.5cc), wat overeenkomt met een robotheruitlijning. Over het geheel 

genomen rapporteerden 70/98 dagelijkse scans OAR-dosisovertredingen, die werden 

opgelost na aanpassing van het plan in 93%, 90% en 74% van de gevallen met een me-

diane rekentijd van respectievelijk 8,5, 3 en 0,5 min bij elke strategie. Opmerkelijk is 

dat in 28/98 dagelijkse scans de geplande doses niet tot overtredingen leidden en dat 

geen van de benaderingen voor planaanpassing leidde tot verbetering ten opzichte 

van de geplande doses. In totaal zouden 6/35 patiënten geen overtredingen hebben 

gehad in een van hun fracties. In de 98 fracties verminderde de PTV-dekking mediaan 

met 1%, 2% en 2% na elke strategie. Alle strategieën leidden tot klinisch aanvaardbare 

plannen voor een groot aantal fracties. Desalniettemin, hoe complexer de gebruikte 

strategie, hoe groter de kans dat een aangepast plan voldoet aan de eisen. Afhankelijk 

van de beschikbare middelen of de complexiteit van de patiënt, kunnen verschillende 

strategieën in de kliniek worden geïmplementeerd.

Tegenwoordig is het intekenen (contouren) de meest tijdrovende stap binnen 

een ART-workflow. Autosegmentatie-algoritmen in het abdominale gebied zijn nog 

steeds onnauwkeurig, en als gevolg daarvan wordt er tijdens ART een aanzienlijke 

hoeveelheid tijd besteed aan het bewerken van autocontouren voordat ze kunnen 

worden gebruikt voor planevaluatie of -aanpassing. In Hoofdstuk 6 werden de 

dosimetrische gevolgen van het direct gebruiken van onbewerkte autocontouren 

voor planaanpassing onderzocht met behulp van twee autocontouringalgoritmen 

gebaseerd op vervormbare beeldregistratie (DIR) gevolgd door contourpropagatie: 

MIM en Precision DIR. Eerst werden autocontouren geometrisch vergeleken met 

handmatige OAR-contouren om hun nauwkeurigheid te bepalen voor zowel de gehele 

als de bijgesneden OARs op verschillende afstanden (3, 1 en 0.5 cm) van de PTV. 

Vervolgens werd de planaanpassing uitgevoerd met behulp van zowel handmatige 

als beide sets autocontouren, met behulp van de tijdgebonden plansjablonen uit 

Hoofdstuk 5. De resulterende set van drie aangepaste plannen werd ook vergeleken 



Samenvatting

163

S

met niet-aangepaste doses door middel van PTV-dekking en OAR-dosisparameters. 

Geometrisch vertoonden de resultaten een hoge overeenkomst tussen handmatige 

en autocontouren bij evaluatie op de hele structuren, maar minder bij evaluatie de 

structuren dichtbij het PTV. Herplanning met onbewerkte autocontouren resulteerde 

in een betere OAR-sparing dan niet-aangepaste plannen voor 95% (Precision DIR) 

en 84% (MIM DIR) van de dagelijkse fracties, en voldeed al aan OAR-eisen in 

64% (Precision DIR) en 56% (MIM DIR) van de gevallen. Voor de fracties waarin 

herplanning met autocontouren tot slechtere resultaten leidde dan niet-aangepaste 

plannen, zagen we dat handmatige OARs significant dichter bij het PTV lagen dan 

autocontouren, en dus leidden tot grote dosimetrische onnauwkeurigheden in de 

buurt van het PTV na herplanning. Deze resultaten suggereerden dat voor een groot 

aantal fracties handmatige bewerking van autocontouren kan worden vermeden of 

beperkt kan worden tot secties dichtbij het PTV, om de totale tijd die nodig is om 

ART-workflows in de kliniek toe te passen, nog verder te verminderen.

Ten slotte beschrijft Hoofdstuk 7 de resultaten van dummy-runs die in onze 

kliniek zijn uitgevoerd, waarbij de haalbaarheid wordt getest van het implementeren 

van een ART-workflow met behulp van de CyberKnife en een CT-scanner-op-rails in 

de behandelkamer voor 4 patiënten met LAPC en 4 patiënten met oligometastasen 

in de lymfeklieren. De ART-workflow maakte gebruik van technieken die zijn 

ontwikkeld in Hoofdstuk 5 (snelle optimalisatie met tijdgebonden sjablonen) en 

Hoofdstuk 6 (DIR met een afstandlimiet voor contourbewerking) en de tijdsduur 

was gemeten: de totale adaptieve behandeltijd was respectievelijk 83 en 64 minuten 

voor LAPC en oligometastasen. Deze tijden waren vergelijkbaar met de huidige 

adaptieve behandelingen op commercieel beschikbare ART-systemen. Alle dagelijkse 

fracties voldeden aan de dosis eisen na aanpassing van het plan voor zowel LAPC- als 

oligometastatische patiënten. We hebben aangetoond dat het haalbaar is om online 

adaptieve SBRT behandelingen op de CyberKnife uit te voeren binnen een klinisch 

acceptabel tijdsbestek en met behulp van commercieel verkrijgbare software.

Dit proefschrift eindigt met de bredere context van de huidige beperkingen en 

toekomstperspectieven van het gebruik van adaptieve SBRT voor lokaal gevorderde 

pancreaskankerpatiënten (Hoofdstuk 8). Het beheer van interfractiebewegingen 

met behulp van adaptieve oplossingen is essentieel om de terugkerende schendingen 

van dosiseisen, geassocieerd met toxiciteit en waargenomen bij de grote meerderheid 

van pancreaskankerpatiënten als gevolg van dagelijkse orgaanvariaties, op te lossen. 

Op basis van onze gegevens kan met de huidige klinische protocollen met betrekking 

tot dosiseisen slechts een bescheiden winst in klinische resultaten worden verwacht. 
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Adaptieve SBRT, dat nu kan worden ingezet op het CyberKnife-systeem met behulp 

van een CT-scanner-on-rails-, zou echter kunnen worden gebruikt om de dosis in de 

OAR te verminderen. Het versoepelen van de dosis eisen voor OAR, nu nog gebaseerd 

op niet-adaptieve behandelingen waarvan we weten dat deze eisen overschreden 

worden, of met behulp van een gelijktijdige geïntegreerde boost in combinatie met 

adaptieve SBRT, zou de mogelijkheid geven voor een intensivering van de behandeling 

waarbij op een veilige manier hogere doses in het doelgebied kunnen worden 

bereikt, wat mogelijk resectabiliteitspercentages zou kunnen verhogen. Toekomstige 

klinische studies zijn nodig om dit gebruik van adaptieve SBRT bij patiënten met 

alvleesklierkanker tot het uiterste te benutten.
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Resum
El càncer de pàncrees és la quarta causa de mort per càncer a tot el món amb una taxa 

de supervivència de 5 anys per sota del 10% i una incidència creixent. En el moment 

del diagnòstic, el 30-35% dels pacients presenten càncer de pàncrees localment 

avançat (LAPC) no operable, a causa de l’embolcall venós i arterial present en la zona 

pancreàtica, que posa en risc la cirurgia d’intenció curativa. La progressió local del 

tumor (33%) i la metàstasi (67%) són les principals causes de mort dels pacients amb 

LAPC. La combinació de quimioteràpia com a tractament sistèmic i de un tractament 

local altament precís, com la radioteràpia estereotàctica (SBRT) que utilitza altes 

dosis de radiació per destruir les cèl·lules cancerígenes, pot contribuir a conseguir un 

control tumoral a llarg termini i a augmentar les taxes d’operabilitat. No obstant això, 

els òrgans abdominals pateixen variacions de forma i posició durant els diferents dies 

de tractament (variacions d’interfracció), les quals causen incertesa al voltant del 

tumor i poden dificultar el lliurament adequat de les dosis de radiació no només al 

tumor sinó també en els òrgans sans circumdants (també anomenats “òrgans en risc” 

- OAR), tot provocant efectes secundaris i una toxicitat no desitjada. La radioteràpia 

adaptativa (ART) online ha sorgit com un paradigma per compensar aquestes 

variacions d'interfracció en els òrgans sans. Tanmateix, entendre la magnitud i 

la importància d'aquestes variacions diàries en els OAR és la clau per poder oferir 

tractaments de radioteràpia més segurs i per determinar la necessitat real i el benefici 

de la radioteràpia adaptativa en pacients amb càncer de pàncrees.

En aquesta tesi hem utilitzat imatges 3D de diagnòstic d'alta qualitat adquirides 

amb un escàner TC ubicat a la sala de radioteràpia. Primerament per quantificar el 

moviment d'òrgans i les seves conseqüències dosimètriques en els pacients amb LAPC 

i, posteriorment, per explorar diferents mètodes aplicables en radioteràpia adaptativa 

per mitigar la possibilitat de toxicitat en els OAR. En global, oferim un conjunt de 

possibles solucions per implementar radioteràpia adaptativa en el sistema robòtic 

CyberKnife. Al llarg de tota la tesi, hem utilitzat la TC de planificació (pCT) i fins a 

tres TC diàries adquirides abans d’administrar la radiació de 35 pacients amb càncer 

de pàncrees (133 TCs en total) que es van recollir de manera retrospectiva al nostre 

institut per a l’assaig clínic LAPC-1 en fase II (NL49643.078.14). Totes les TCs van 

ser delineades manualment pel mateix oncòleg de radioteràpia, constituint el conjunt 

de dades de referència d’aquesta tesi.

Per determinar la rellevància del moviment d'interfracció dels OAR en pacients 

amb càncer de pàncrees, vam començar aquesta tesi investigant les conseqüències 
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dosimètriques de les variacions d'interfracció en els OARs a la nostra cohort 

(Capítol 2). Amb aquesta finalitat, les distribucions de dosis del pCT es van 

superposar a les TC diàries aplicant una registre rígid entre les imatges. Els resultats 

van mostrar un augment estadísticament significatiu de les dosis diàries en els OAR. 

En general es van observar grans variacions dosimètriques en volums com Dmax 

(+12% d'augment), D2cc (+4,4%), i en V35Gy, el volum de dosi associat a la toxicitat 

en el nostre institut (+1 cc). El duodè i l'estómac, sent els òrgans més propers al 

pàncrees, van ser els més afectats per aquest augment dosimètric. Per als òrgans més 

llunyans com l'intestí, les variacions de dosi van ser menys pronunciades encara que 

les variacions de forma i posició podien ser de gran magnitud.

El Capítol 3 es va centrar en caracteritzar les variacions geomètriques (forma i 

posició) diàries observades a la nostra cohort respecte a la posició del tumor, mitjançant 

la generació d'un model estadístic. Amb aquesta finalitat, els principals OAR (el duodè, 

l'estómac i l'intestí) de les TC diàries es van registrar de manera no rígida als òrgans 

corresponents en el pCT. Els registres no rígids es representen mitjançant camps 

vectorials de deformació (DVF) que es poden utilitzar per quantificar les variacions 

de posició i forma dels OAR entre les TC diàries i el pCT. Posteriorment, aquests 

DVF es van propagar a un pacient de referència per quantificar les variacions en tota 

la població. L'anàlisi de components principals (PCA), un mètode d'aprenentatge 

automàtic no supervisat, es va utilitzar per recuperar les deformacions de major 

magnitud en la cohort i per crear un model estadístic capaç de reproduir aquests 

patrons de moviment. A través de PCA, es van trobar patrons de moviment comuns 

en els òrgans gastrointestinals: l'estómac es contrau majoritàriament en la direcció 

anterior-posterior mostrant variacions entre 5 i 13 mm, el moviment del duodè és 

menys pronunciat i es produeix majoritàriament d’esquerra a dreta (mediana de 4 -8 

mm), i l'intestí sol experimentar variacions superior-inferior que van des dels 7 als 

14 mm. El més important és que a la regió més propera al tumor (on es pot esperar 

la dosi més alta), l'estómac i el duodè van mostrar desplaçaments mitjans entre 6 

i 8 mm. Finalment, el model es va utilitzar per simular histogrames de dosi-volum 

(DVH) utilitzant el model en cada pacient per verificar si el moviment simulat en els 

òrgans podria predir els DVH observats clínicament en les TC diàries. En general, 

més del 90% dels DVH clínics es van poder predir dins dels DVH simulats utilitzant 

el model.

Al Capítol 4 s'observa una aplicació directa del nostre model que va consistir en 

desenvolupar una eina per identificar els pacients amb LAPC que estarien en major 

risc d'excedir les toleràncies de dosi en els OAR durant el tractament, i per tant, 
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que serien més vulnerables al moviments diaris dels òrgans. La nostra hipòtesi era 

que l'anatomia original i les dosis tenen un paper important a l'hora de determinar 

la sensibilitat d'un pla de tractament al moviment dels OAR. Seguint el criteri del 

Capítol 3, vam utilitzar el model per simular 5000 variacions de forma i posició 

en els òrgans, les quals van servir per quantificar la probabilitat de superar les 

restriccions de dosi en cada òrgan segons el nostre protocol clínic (V35Gy < 1 cc). Es 

va establir un llindar per a cada predicció en cada òrgan per separar els pacients amb 

alt i baix risc de superar les toleràncies dosimètriques de cada OAR. Cada pacient 

es va classificar en alt risc si es predeia com a mínim un OAR per sobre del llindar. 

El nostre mètode proposat també es va comparar amb altres criteris proposats en 

altres publicacions basats en mesures geomètriques només en l'anatomia del pCT, 

com ara la mida del tumor, la distància del tumor als OAR o la superposició entre el 

volum objectiu de planificació (PTV) i els OAR. En general, les observacions clíniques 

van revelar violacions de dosi en els òrgans de 20/35 pacients, fet que remarca que 

no tots els pacients podrien beneficiar-se de tractaments adaptats individualitzats. 

Fent simulacions amb la nostra eina es van predir correctament els resultats de 29/35 

(83%) pacients, i per als 6/35 pacients classificats erròniament, es va predir sempre un 

risc alt. La nostra proposta va superar els mètodes basats en mesures geomètriques. 

Aquesta eina es podria utilitzar per classificar els pacients amb més risc de patir 

violacions de dosi durant el tractament i, per tant, per evitar que els pacients que no 

necessitin radioteràpia adaptativa, no la rebin. Pot ser una eina útil per optimitzar els 

recursos de l’hospital.

La segona part d'aquesta tesi es va centrar en explorar com implementar diferents 

mètodes adaptatius com possible solucions per mitigar l'efecte del moviment diaris 

dels OAR ja observat en els capítols anteriors. La radioteràpia adaptativa online 

implica la següent llista de passos: 1) adquisició del TC diari, 2) (auto-)segmentació 

dels òrgans en la TC, 3) reoptimització del pla de tractament adaptat a l’anatomia del 

dia, 4) control de qualitat del nou pla de tractament, i 5) administració de la dosi al 

pacient. En aquesta part de la tesi ens hem centrat en optimitzar dos dels aspectes 

més rellevants dins dels processos inclosos en la radioteràpia adaptativa: l'adaptació 

de les dosis de tractament (pas 3) i la auto-segmentació en les TCs (pas 2), i finalment, 

en provar la viabilitat d’aquests mètodes en el nostre institut.

En el Capítol 5 vam investigar les implicacions de tres estratègies d'adaptació 

de plans de tractament aplicables online i de forma quasi automatitzada, avaluant 

la velocitat, l'eficiència i la qualitat del pla de tractament resultant. També vam 

determinar el valor i el guany d’adaptar els plans comparats amb no adaptar-los en 
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els pacients amb LAPC. Vam utilitzat un optimitzador de dosi nou, anomenat VOLO. 

En primer lloc, es van tornar a planificar tots els plans clínics en el pCT mitjançant 

VOLO. Això ens va permetre emmagatzemar plantilles específiques per a cada 

pacient que incloïen tots els paràmetres per optimitzar les dosis de tractament segons 

l’anatomia en el pCT (resultant en la plantilla sense restriccions). També es va crear 

una segona plantilla en el pCT amb l'objectiu de restringir els temps d'optimització 

mentre es mantenia la qualitat del pla resultant (plantilla amb restricció temporal). El 

principal factor que va influir en els temps d'optimització de VOLO va ser la densitat 

de mostreig de les estructures incloses en l'optimització. Per tant, aquesta plantilla 

amb restricció temporal va fer ús d'un OAR tallat a 3 cm del PTV. A continuació, es 

van provar les tres estratègies adaptatives online en cada TC diari: 1) re-planificació 

completa utilitzant la plantilla sense restriccions, 2) re-planificació completa utilitzant 

la plantilla amb restricció temporal i 3) reubicació de la dosi de forma automàtica per 

preservar les toleràncies de dosis dels OAR (V35Gy < 0,5 cc). ), el que correspondria 

a una realineació del robot CyberKnife. En general, 70/98 de les TC diàries van 

presentar violacions de dosi en els OAR, que es van resoldre adaptant els plans en el 

93%, el 90% i el 74% dels casos amb un temps computacional mitjà de 8.5, 3 i 0.5 min 

per a cada estratègia, respectivament. Notablement, per a 28/98 TC diaris, les dosis 

planificades no van provocar infraccions i cap mètode d'adaptació va millorar les dosis 

inicialment planificades. Un total de 6/35 pacients no haurien presentat violacions en 

cap de les seves TC diàries. En general per a les 98 fraccions, la cobertura del PTV es 

va reduir una mitjana d'-1%, -2% i -2% després d’aplicar cada estratègia. Totes les 

estratègies van conduir a plans clínicament acceptables per a un gran nombre de TC 

diàries. No obstant això, com més complexa sigui l'estratègia utilitzada, majors són 

les possibilitats d'aconseguir un pla adaptat que es mantingui dins del protocol clínic. 

Segons els recursos disponibles o la complexitat anatòmica del pacient, es podrien 

implementar diferents estratègies a la clínica.

Actualment, la segmentació dels òrgans diaris és el pas que consumeix més temps 

dins del flux de radioteràpia adaptativa (ART). Els algoritmes d'autosegmentació 

d’òrgans per a la regió abdominal encara són inexactes i, com a conseqüència, es 

dedica una quantitat considerable de temps durant l'ART a editar els autocontorns 

abans que es puguin utilitzar per a l’adaptació del pla de tractament. Al Capítol 6, 

es van investigar les conseqüències dosimètriques de l'ús d'autocontorns no 

editats directament per a l'adaptació del pla mitjançant l'ús de dos algoritmes 

d'autosegmentació basats en el registre d'imatge no rígid (DIR) seguit de la propagació 

del contorn del pCT a la TC diària, utilitzat els softwares MIM i Precision. En primer 
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lloc, es van comparar geomètricament els contorns automàtics amb els contorns 

manuals d’OAR per determinar la seva precisió tant per als OAR sencers com tallats a 

diferents distàncies (3, 1 i 0, 5 cm) del PTV. A continuació, es va realitzar l'adaptació 

del pla utilitzant tant els contorns manuals com ambdós conjunts d'autocontorns, 

utilitzant les plantilles de plans amb restricció de temps del Capítol 5. Els tres plans 

adaptats resultants  es van comparar entre ells i també amb les dosis no adaptades  tot 

avaluant la cobertura del PTV i els paràmetres de dosi en els OAR. Geomètricament, els 

resultats van mostrar una gran semblança entre els contorns manuals i els automàtics 

quan es van avaluar a totes les estructures, però en menys proporció quan es van 

avaluar estructures tallades més a prop del PTV. Dosimètricament, la re-planificació 

amb contorns automàtics no editats va donar com a resultat millors dosis ens els 

OAR que els plans no adaptats per al 95% (Precision DIR) i el 84% (MIM DIR) de 

les fraccions diàries, i va satisfer les restriccions dosimètriques dels OAR en el 64% 

(Precision DIR) i el 56% (MIM DIR) dels casos. Per a les TC diàries en què la re-

planificació amb autocontorns va provocar pitjors resultats que els plans no adaptats, 

vam observar que els OAR manuals estaven significativament més a prop del PTV 

que els autocontorns, la qual cosa va provocar grans errors dosimètriques a prop del 

PTV després de la re-planificació. Aquests resultats van suggerir que, per a un gran 

nombre de TC diàries, es podria evitar l'edició manual d'autocontorns o simplement 

limitar-se a seccions properes al PTV, per reduir encara més el temps total necessari 

per aplicar radioteràpia adaptativa a la clínica.

Finalment, el Capítol 7 descriu els resultats dels tests simulats al nostre institut 

provant la viabilitat d'implementar un flux adaptatiu de radioteràpia en el sistema 

CyberKnife per a 4 pacients amb LAPC i 4 pacients amb oligometàstasi dels ganglis 

limfàtics. El flux de radioteràpia adaptativa utilitza tècniques desenvolupades al 

Capítol 5 (optimització ràpida amb plantilles amb restricció temporal) i al Capítol 6 

(autosegmentació a partir de registre no rígid en OAR tallats a 3 cm del tumor), les 

quals es va cronometrar. El temps total de tractament adaptatiu va ser de 83 i 64 

minuts per a LAPC i oligometàstasi, respectivament. Aquests temps eren comparables 

als tractaments adaptatius actuals en sistemes disponibles comercialment. Totes les 

TC diàries van complir amb les restriccions de dosi en els OAR després d’adaptar el 

pla de tractament tant per als pacients amb LAPC com per als oligometastàtics. En 

general, vam demostrar que és factible aplicar radioteràpia estereotàctica adaptativa 

online al CyberKnife en un període de temps clínicament acceptable i utilitzant 

programari disponible comercialment.

Aquesta tesi acaba discutint en un context més ampli les limitacions actuals 



Summary

170

S

i les perspectives futures de l'ús de la SBRT adaptativa per a pacients amb càncer 

de pàncrees localment avançat (Capítol 8). En conclusió, la gestió del moviment 

d'interfracció en els OAR mitjançant solucions adaptatives és essencial per superar 

les violacions de dosi en els òrgans sans associades a toxicitat observades en la gran 

majoria dels pacients amb càncer de pàncrees. A partir de les nostres dades, amb els 

protocols clínics actuals sobre restriccions de dosi, només es pot esperar un guany 

modest en els resultats clínics. No obstant això, l'SBRT adaptatiu, que ara es pot 

utilitzar amb el sistema CyberKnife mitjançant un escàner de TC en la mateixa sala 

de radiació, es podria utilitzar per reduir les infraccions de les restriccions de dosi 

en els OAR. La relaxació de les restriccions de dosi clíniques actuals de l'OAR, que 

encara es basen en tractaments no adaptatius, i/o l'ús d'un impuls integrat simultani 

en combinació amb SBRT adaptatiu, obriria la possibilitat d'intensificar el tractament 

per arribar a dosis més altes al tumor, que podria potencialment augmentar les taxes 

d’operabilitat. Es necessiten més assajos clínics futurs per explotar aquest ús de SBRT 

adaptativa en pacients amb càncer de pàncrees fins als seus límits.
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